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Povzetek 
Nanodelci so delci zelo majhnih, nanometrskih dimenzij. Človek je lahko izpostavljen 
nanodelcem preko hrane, kozmetike in tekstila. Možna je tudi izpostavitev ob zdravljenju 
nekaterih specifičnih bolezni. Mehanizmi delovanja nanodelcev v organizmu še niso povsem 
jasni. Preden nanodelci pridejo v stik s celicami oziroma tkivi organizma so izpostavljeni 
medijem, ki vsebujejo makromolekule (proteine, lipide, nukleinske kisline). Odvisno od lastnosti 
makromolekul, nanodelcev in medija, med makromolekulami in površino nanodelcev potečejo 
interakcije, ki vodijo do nastanka t.i. biokorone. Biokorona je plast makromolekul, ki tvorijo 
interakcije s površino nanodelca, kadar pa govorimo o interakcijah med proteini in površino 
nanodelca, govorimo o proteinski koroni. Količine in tipe proteinov, ki so vezani na površino 
nanodelca, določajo fizikalno-kemijske lastnosti nanodelcev, lastnosti proteinov in lastnosti 
okoliškega medija. Osredotočili smo se na dva tipa magnetnih nanodelcev, relevantnih za 
biomedicinske aplikacije, ter na industrijsko proizvedene nanodelce, ki so prisotni v produktih za 
vsakdanjo rabo. 
V prvem delu disertacije smo pokazali, da je za interakcije med proteini in nanodelci 
bistvena predpriprava nanodelcev. Silicijeve nanodelce in kobalt-feritne nanodelce, oplaščene s 
poliakrilno kislino, smo pred izpostavitvijo proteinom redčili v štirih različnih medijih ter 
dokazali, da izbira medija za predpripravo nanodelcev pomembno določa kvalitativno in 
kvantitativno sestavo proteinske korone. Nadalje smo preverili, če je spremenjena proteinska 
korona povezana z nastankom citokinov IL-6 in TNF-α v celični liniji THP-1. Povezave med 
spremenjeno proteinsko korono in izražanjem citokinov nismo dokazali, vendar pa lahko 
nanodelci vplivajo tudi na druge dele imunskega sistema. 
 Citotoksičnost kobalt-feritnih nanodelcev oplaščenih s polietileniminom smo želeli 
zmanjšati z dodatnim oplaščenjem z glutationom. Na celični liniji CHO smo pokazali, da lahko z 
glutationskim oplaščenjem dosežemo najmanj 30% višjo viabilnost v primerjavi z neoplaščeno 
formulacijo in zmanjšanje nastanka reaktivnih kisikovih zvrsti. Ključen korak je bil dodatek 
glutationa ob sintezi, saj z dodatkom prostega glutationa v celični medij ob hkratni izpostavitvi 
nanodelcem nismo dosegli želenega učinka. Primerjali smo tudi pot internalizacije neoplaščene 
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in oplaščene formulacije, kjer nismo opazili razlik. Nanodelce smo našli izključno v 
znotrajceličnih veziklih, kar je v nasprotju s hipotezo lizosomalnega pobega. Dokazali smo, da so 
nanodelci kljub dodatnemu oplaščenju še vedno uporabni za transfekcijo, ki je glavna aplikacija 
omenjenih nanodelcev. 
 Na celičnih modelih zdravega in rakastega urotelija smo dokazali selektivno endocitozo 
kobalt-feritnih nanodelcev, oplaščenih s poliakrilno kislino, v rakaste celice urotelija. Na podlagi 
predpostavke o selektivni endocitozi in razumevanja citotoksičnosti kobalt-feritnih nanodelcev 
oplaščenih s polietileniminom smo preverili potencialno obliko zdravljenja urotelijske papilarne 
neoplazme. Z dodatnim oplaščenjem citotoksičnih nanodelcev z govejim serumskim albuminom 
smo želeli zmanjšati poškodbe celične membrane, a hkrati ohraniti toksičnost, ki se izrazi po 
internalizaciji. Na tak način bi, ob predpostavki selektivne endocitoze, dosegli selektivno 
citotoksičnost proti rakastim celicam. Kratkotrajni učinek (merjenje viabilnosti po treh urah) je 
delno potrdil našo hipotezo, medtem ko dolgotrajni učinek (merjenje viabilnosti po 
štiriindvajsetih urah) ni bil v skladu s pričakovanimi rezultati. 
 V predzadnjem delu disertacije je predstavljena kvantitativna analiza objavljene 
literature, ki združuje podatke o fizikalno-kemijskih lastnostih nanodelcev, sestavi proteinske 
korone in učinke na imunski sistem in vitro. Prva ugotovitev analize je bila, da je študij, ki 
združujejo vse tri kategorije podatkov, izredno malo, razlikovali so se tudi pogoji pod katerimi so 
bili posamezni eksperimenti izvedeni. Na podlagi 21 študij, ki so ustrezale našim kriterijem, smo 
naredili kvantitativno analizo. Primerjali smo dve skupini nanodelcev in sicer tiste, ki so sprožili 
povečan nastanek citokinov, proti ostalim. Pomembne razlike so bile med tipi nanodelcev v 
obeh skupinah, medtem ko razlik v hidrodinamskem premeru in zeta potencialu med skupinama 
nismo odkrili. Na podlagi našega vzorca smo sklenili, da sta sestava proteinske korone in 
sproščanje citokinov neodvisni spremenljivki. Ob koncu je predstavljena študija, s katero smo 
povezanost med lastnostmi nanodelcev, sestavo proteinske korone in sproščanjem citokinov 
preverili z lastnimi eksperimenti. Kljub temu, da smo lahko bistveno bolje kontrolirali pogoje 
posameznih meritev, nismo mogli podati trdnih zaključkov. 
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Abstract 
 Nanoparticles are particles of small, nano metric dimensions. Humans are exposed to 
nanoparticles through food, cosmetics and textile. Moreover, nanoparticles are also increasingly 
used in healthcare, so there is a possibility of exposure when treating specific diseases. Still, the 
mechanisms of their action in humans are not clear. Once in the organism, nanoparticles are 
immediately exposed to physiological fluids containing macromolecules. Based on nanoparticle, 
macromolecule and medium properties interactions between nanoparticle surface and 
macromolecules lead to the formation of biocorona. When describing only interactions between 
nanoparticle surface and proteins this layer of macromolecules, i.e. proteins, is called protein 
corona. Physicochemical properties of nanoparticles, properties of proteins and properties of 
surrounding media determine types and quantities of protein bound to nanoparticle surface. 
We have focused on two types of magnetic nanoparticles relevant for biomedical applications 
and different industrially engineered nanoparticles present in consumer products. 
 In the first part of this dissertation we have shown that the selection of media for 
nanoparticle dilution is a crucial parameter of protein corona composition. Silica nanoparticles 
and polyacrylic acid coated cobalt ferrite nanoparticles were diluted in four different media 
prior to corona formation. We have shown that selection of media determined qualitative and 
quantitative composition of protein corona. Additionally, we tested if differences in corona 
composition influenced secretion of cytokines IL-6 and TNF-α in the cell line THP-1. There was 
no connection between differences in protein corona composition and cytokine secretion, but 
nanoparticles could also affect other parts of immune system. 
Next, we tried to reduce cytotoxicity of cobalt ferrite nanoparticles coated with 
polyethyleneimine by additional coating with glutathione. Using CHO cell line we have shown 
that additional glutathione coating results in 30% higher viability compared to non-coated 
formulation and reduction of reactive oxygen species formation. The key was to add glutathione 
during nanoparticle synthesis; when added directly to the cell culture media together with 
nanoparticles, it did not induce the same effect. There were no differences in internalization 
pathways between nanoparticles. Furthermore, nanoparticles were found exclusively in 
intracellular vesicles, which is not in accordance with lysosomal escape hypothesis. Moreover, 
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the additional layer of glutathione did not reduce applicability of nanoparticles as a transfection 
vector. 
Cell models of healthy and cancerous urothelium were used to prove selective endocytosis 
of cobalt ferrite nanoparticles coated with polyacrylic acid into cancerous urothelial cells. Based 
on this finding and our understanding of cytotoxicity of polyethyleneimine coated nanoparticles, 
we tested potential bladder papillary neoplasm treatment. With additional layer of bovine 
serum albumin we tried to reduce direct membrane damage while retaining intracellular 
toxicity. In this way we would have achieved, based on selective endocytosis, selective 
cytotoxicity towards cancerous cells. We proved the short-term effect (viability after three 
hours) but were unable to demonstrate long-term effect (viability after twenty-four hours). 
In the next part of this dissertation we are presenting quantitative analysis of published 
literature, which combines data on physicochemical properties of nanoparticles, composition of 
protein corona and in vitro immune system effects. Our first conclusion was that the studies 
combining all three topics are relatively scarce; there were also differences in experimental 
protocols between the studies. Nonetheless, we performed a quantitative analysis of results 
collected from the 21 studies that matched our selection criteria. We compared nanoparticles 
that triggered cytokine secretion with those that did not. We found no differences between 
hydrodynamic diameter and zeta potential of the two groups, but showed connection between 
nanoparticle type and cytokine secretion. Based on our analysis we concluded that cytokine 
secretion and corona composition were independent variables.  
In the last part of dissertation we are showing results of our own study, which was designed 
to analyse connections between nanoparticle characteristics, protein corona composition and 
cytokine secretion. Despite the fact that we had exactly the same experimental conditions for all 
experiments, we have not come to a firm conclusion.
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1. UVOD 
Izraz nanodelci se je pojavil v 90. letih prejšnjega stoletja za poimenovanje trdnih delcev 
nanometrskih dimenzij. Vendar pa je definicij nanodelcev več, od tega, da med njih uvrščamo 
vse delce manjše od enega mikrometra, do bolj strogih definicij. Za potrebe pričujočega dela 
bomo uporabili definicijo iz Priporočila Evropske Komisije 2011/696/EU, ki nanodelce definira 
kot naraven ali proizveden material, pri katerem ima najmanj 50% delcev vsaj eno zunanjo 
dimenzijo v območju med 1 nm in 100 nm.  
  Človek je bil izpostavljen nanodelcem prisotnim v okolju skozi večino zgodovine. 
Nanodelci na osnovi ogljika so nastajali pri gorenju, medtem ko so nanodelci na osnovi 
silicijevega oksida nastajali ob obdelavi kamnin za prvobitna orodja in orožja. Z razvojem 
tehnologije se je povečevala tudi raznovrstnost in količina v okolju prisotnih nanodelcev. Kot 
primer lahko navedemo pirotehniko, kjer nastajajo izredno velike količine nanodelcev, in 
dizelske motorje z notranjim izgorevanjem, ki so vir različnih tipov nanodelcev. V grobem ločimo 
nanodelce prisotne v okolju (ang. environmental) in industrijsko pridobljene nanodelce (ang. 
engineered). Primer okoljsko prisotnih nanodelcev so nanodelci črnega ogljika (ang. carbon 
black), primer industrijskih nanodelcev pa so nanodelci titanovega dioksida (TiO2). Nanodelci so 
lahko različnih oblik (npr. krogle, kocke, paličice, cevke) in imajo različno osnovno kemijsko 
sestavo (npr. TiO2, SiO2, Ag, Au, lipidi, proteini, polimeri). Posledica razlik v kemijski sestavi in 
obliki nanodelcev so različne fizikalne lastnosti nanodelcev. 
 Kot je razvidno iz prejšnjega odstavka poznamo veliko različnih tipov nanodelcev. V 
grobem jih lahko delimo na i) anorganske in ii) organske nanodelce. Anorganski nanodelci so 
sestavljeni iz kovin, kovinskih oksidov, silicija in podobno. Primer takšnih nanodelcev so srebrni 
in zlati ter silicijevi nanodelci. Poseben tip anorganskih nanodelcev so nano-kristali narejeni iz 
polprevodnih materialov z različnimi oplaščenji. Skupino takšnih nanodelcev poznamo pod 
imenom kvantne pike (ang. quantum dots). Posebna skupina nanodelcev je zgrajena na osnovi 
ogljika. V to skupino med drugimi spadajo tudi ogljikove nanocevke in fulereni.1–4  
Velika in razvejana skupina nanodelcev temelji na organskih gradnikih. Najbolj poznani in 
tudi največkrat uporabljeni v biomedicinskih aplikacijah so liposomi, ki so sestavljeni iz lipidnega 
UVOD 
2 
dvosloja. Polimeri, kot so na primer polisaharidi (dekstran, hitozan), so lahko uporabljeni kot 
osnovni gradniki polimernih nanodelcev, lahko pa se uporabijo kot zunanji plašč drugih (npr. 
anorganskih) nanodelcev. Prednost uporabe polimerov je njihova biorazgradljivost. Poseben tip 
polimernih nanodelcev so dendrimeri, za katere je značilna razvejana struktura. 
Fizikalno-kemijske lastnosti dendrimerov lahko zelo dobro kontroliramo. Poleg naštetih 
poznamo tudi nanodelce, ki so kombinacija prej naštetih tipov. Poseben tip kombiniranih 
nanodelcev, magnetne nanodelce, bomo predstavili v enem izmed naslednjih poglavij.5–7 
Majhne dimenzije nanodelcev so vzrok za veliko razmerje med površino in prostornino, 
ki daje nanodelcem nekatere specifične fizikalne in kemijske lastnosti. Tako se je v drugi polovici 
20. stoletja začela doba izkoriščanja nanodelcev v industrijske namene. Kot primer lahko 
navedemo razvoj ferofluidov pri ameriški vesoljski agenciji v 60. letih prejšnjega stoletja, z 
namenom razvoja tekočih goriv za uporabo v vesolju.8 Industrijsko pridobljenim nanodelcem 
smo v vsakdanjem življenju izpostavljeni preko hrane,9 kozmetike10 in tekstila.11 V široki rabi so 
titanijevi nanodelci v kozmetiki in živilih, silicijevi nanodelci kot dodatek k plastiki in živilom, 
srebrni nanodelci v tekstilu in plastičnih ovojih za živila ter mnogi drugi.12 Nanodelci se 
uporabljajo tudi v industriji elektronskih komponent za izdelavo upogljivih elektronskih vezij, v 
nanofotoniki, za magnetna stikala, trde diske in podobno.13 Pomembno področje so tudi 
okoljske aplikacije nanodelcev.13 Tam se uporabljajo za čiščenje odpadne vode in za 
bioremediacijo onesnažene prsti.14 Precej velika količina nanodelcev se uporabi tudi v lesni 
industriji, kjer nanodelce na osnovi bakra uporabljajo za zaščito lesa in lesnih izdelkov pred 
škodljivci.15 
Pomembno področje nanotehnologije so biomedicinske aplikacije. Uporaba obsega i) 
nosilne sisteme za dostavo učinkovin, ii) kontrastna sredstva na osnovi nanodelcev, iii) 
nanodelce za celično označevanje in ločevanje, iv) adjuvanse pri cepivih ter v) nanodelce za 
hipertermijo.16–20 Formulacije na osnovi nanodelcev so najpogosteje namenjene osnovnemu ali 
dopolnilnemu zdravljenju rakastih obolenj, zdravljenju avtoimunskih obolenj in vizualizaciji 
različnih patologij. Med najuspešnejše farmacevtske produkte na osnovi nanodelcev spada 
liposomalni doxorubicin (Doxil®), ki je bil s strani FDA odobren leta 1995. Z liposomsko obliko 
zdravilne učinkovine so dosegli zmanjšanje toksičnosti učinkovine in boljše farmakološke 
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lastnosti.21 Formulacija je bila najprej odobrena za zdravljenje Kaposijevega sarkoma, kasneje pa 
tudi za zdravljenje raka jajčnikov in multiplega mieloma.19 
Človeški organizem pride v stik z nanodelci ob jemanju zdravil, zaužitju hrane, uporabi 
kozmetike in dihanju onesnaženega zraka. Posledice izpostavitve so odvisne od mnogih 
dejavnikov, med najpomembnejše sodijo tip in lastnosti nanodelcev, čas izpostavitve, 
koncentracija nanodelcev in pot izpostavitve. Nanodelci so biorazgradljivi (ang. biodegradable), 
če jih je nek biološki organizem sposoben razbiti na osnovne gradnike, v nasprotnem primeru so 
nanodelci nerazgradljivi (ang. nondegradable). Vplivi nanodelcev na organizem segajo od 
povsem zanemarljivih pri nekaterih inertnih nanodelcih do hujših, ki lahko vodijo v resne zaplete 
ali obolenja.22 Medtem ko lahko pri okoljsko prisotnih nanodelcih predvsem minimiziramo 
izpostavitev, lahko pri biomedicinskih nanodelcih spoznanja o njihovi toksičnosti uporabimo pri 
načrtovanju naslednjih formulacij z namenom zmanjšanja neželenih učinkov. 
Pomembno, a pogosto spregledano, je dogajanje na površini nanodelcev med prvim 
stikom s fiziološkimi tekočinami in kasnejšo interakcijo s celicami in tkivi. Površina nanodelcev 
skoraj nikoli ni povsem inertna, zato vedno pride do interakcije med kemijskimi skupinami na 
površini nanodelcev in molekulami okoliškega medija. Kadar so v mediju prisotne 
makromolekule (npr. lipidi, ribonukleinske kisline, peptidi, proteini), je interakcija med površino 
nanodelcev in makromolekulami, ki nastane zaradi ugodnejšega energijskega stanja, neizogibna. 
Makromolekule, vezane na površino nanodelcev, predstavljajo zunanjo plast, t.i. biokorono, s 
katero nanodelec v biološkem sistemu prihaja v stik s celicami oziroma tkivi. Ker so najbolje 
raziskane interakcije med proteini in površino nanodelcev, se je za zunanjo plast, ki nastane v 
bioloških medijih uveljavil izraz proteinska korona.23 Prvotno nerazumevanje pomembnosti teh 
interakcij in njihovo neupoštevanje je bil eden izmed vzrokov za neuspešnost nekaterih 
biomedicinskih aplikacij nanodelcev. Temeljita analiza proteinske korone je torej ključna za 
boljše razumevanje interakcij med nanodelci in biološkimi sistemi.24–30 
1.1. Fizikalno-kemijske lastnosti nanodelcev 
Prvi korak pri razumevanju nanodelcev in njihovih lastnosti je natančna 
fizikalno-kemijska karakterizacija. Najbolj osnovna fizikalna karakteristika nanodelcev je velikost. 
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Merjenje velikosti v nanometerskem merilu je zahtevno, zato smo omejeni s tehnikami, ki so na 
voljo. Najpogosteje velikost določamo z metodo dinamičnega sipanja svetlobe (DLS). Tehnika 
DLS omogoča določanje velikosti vseh vrst nanodelcev. Podatek, ki ga dobimo z metodo DLS, 
imenujemo hidrodinamski premer. Hidrodinamski premer je premer hipotetične trdne krogle, ki 
difundira z enako hitrostjo kot delci, opazovani z metodo DLS.31 V hidrodinamski premer je 
vključena tudi plast ionov in molekul medija, ki se gibajo skupaj z delcem. Odlična 
komplementarna tehnika je presevna elektronska mikroskopija (TEM), kadar je njena uporaba 
mogoča. 
 
Slika 1. Shema plasti nanodelca v mediju z ioni. Hidrodinamski premer je premer nanodelca skupaj s 
plastjo ionov, ki jo omejuje drsna ravnina (ang. Slipping plane). Povzeto po32 z dovoljenjem lastnika 
pravic. 
Zeta potencial (elektrokinetični potencial) je potencial na drsni ravnini delca, ki se 
premika v električnem polju. Drsna ravnina je namišljena meja, ki ločuje kapljevino od dvojne 
plasti nasprotno nabitih ionov, ki potuje skupaj z delcem (slika 1). Zeta potencial površine je 
enak količini dela, ki je potrebno za prenos enote pozitivnega naboja iz neskončnosti do 
površine brez pospeševanja.32,33 Najpomembnejša faktorja, ki vplivata na zeta potencial, sta pH 
in ionska moč. Če ni sterične stabilizacije, je majhna absolutna vrednost zeta potenciala pri pH 7 
povezana z agregacijo nanodelcev. Na zeta potencial lahko vplivamo z vezavo malih molekul ali 
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polimerov na površino nanodelca. V literaturi se zeta potencial velikokrat napačno interpretira 
kot površinski naboj.  
Kadar govorimo o kemijskih lastnostih nanodelcev imamo največkrat v mislih kemijsko 
sestavo, kemijske skupine na površini delca in kristalno strukturo, kadar je ta prisotna. Kristalno 
strukturo lahko določimo precej enostavno z uporabo rentgenske praškovne difrakcije, medtem 
ko površinske kemijske skupine določamo s kombinacijo različnih spektroskopij.34,35 Določanje 
slednjih je pogosto zahtevno in omejeno, tako da imamo največkrat samo približno predstavo o 
površinski kemijski sestavi nanodelcev. Na tem mestu moramo nujno poudariti kompleksnost 
področja, saj je lahko kemijska sestava zelo heterogena. Dodatno lahko med kemijske lastnosti 
umestimo tudi prisotnost nečistot. Anorganske nečistote določamo z uporabo masne 
spektrometrije, prisotnost organskih nečistot (npr. endotoksinov) pa največkrat določamo s 
specifičnimi testi. Nečistote vplivajo na nadaljnje rezultate, pridobljene na bioloških sistemih.36 
Povezave med fizikalno-kemijskimi lastnostmi in učinki nanodelcev in vitro so bile 
predmet velikega števila študij.2,27,37–39 Raziskovalci se že od samih začetkov področja trudijo 
pokazati nedvoumne vzročno-posledične povezave med fizikalno-kemijskimi lastnostmi in 
odzivi, ki jih lahko merijo na bioloških sistemih tako in vitro kot in vivo. Izkaže se da preprostih 
zaključkov, kot je na primer ta, da manjša velikost pomeni večjo toksičnost, ne moremo 
nedvoumno potrditi, med drugim zato, ker so povezave med lastnostmi in vplivi na biološke 
sisteme multivariatne narave. Seveda obstajajo tudi nekatere izjeme: srebrni nanodelci bodo 
skoraj vedno izkazali toksičen učinek, ki je posledica luženja srebrovih ionov iz njihove površine, 
medtem ko zlati nanodelci veljajo za povsem inertne in zelo redko sprožajo neželene učinke. 
Lastnosti nanodelcev določamo z metodami, ki so na voljo, medtem ko razvoj dodatnih metod, 
ki bi dale nove vpoglede, zaostaja. Tako v resnici še ne moremo natančno določiti oziroma 
izmeriti vseh lastnosti, ki bi jih potrebovali za popolno razumevanje interakcije med nanodelci in 
biološkimi sistemi.2,40  
1.2. Interakcija nanodelcev z makromolekulami 
Za razumevanje interakcije nanodelcev z biološkimi sistemi moramo fizikalno-kemijsko 
karakterizacijo nanodelcev izvesti v fiziološko relevantnih medijih, ki vsebujejo ione, proteine in 
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druge molekule v fizioloških koncentracijah.41 Te molekule, predvsem ioni in proteini, se na 
osnovi lastnega naboja in drugih fizikalno-kemijskih lastnosti vežejo na površino nanodelcev in 
oblikujejo t.i. biokorono.26 Kadar imamo v mislih različne tipe makromolekul, ki so vezane na 
površino nanodelcev, govorimo o biokoroni, če imamo v mislih izključno proteinski del 
biokorone, pa govorimo o proteinski koroni. Prvi stik med nanodelcem in živimi sistemi 
(celicami, tkivi) poteka preko biokorone (Slika 2). 
 
Slika 2. Shema nanodelcev v mediju. V mediju so prisotni ioni in proteini, ki tvorijo biokorono 
nanodelcev. 
1.2.1. Biokorona 
Biokorono sestavljajo makromolekule iz okoliškega medija, ki tvorijo interakcije s 
površino nanodelcev (slika 2). Okoliški mediji imajo različno sestavo, ki je v pogojih in vitro 
odvisna od specifičnih zahtev celičnega oziroma tkivnega modela, v pogojih in vivo pa je odvisna 
predvsem od poti izpostavitve. Povsem očitno je, da način aplikacije (peroralno, dermalno, 
parenteralno) določa sestavo biokorone. Makromolekule, ki sestavljajo biokorono, so sladkorji, 
aminokisline, nukleinske kisline, lipidi in proteini. V pogojih in vitro imamo lahko definirane 
medije, kjer poznamo njihovo točno sestavo in nedefinirane medije, kjer sestava ni točno 
določena zaradi specifičnih dodatkov (npr. fetalni goveji serum). V primeru definiranih medijev 
lahko posredno vplivamo na sestavo biokorone s sestavo medija. Ker je sestava medija pogojena 
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z izbrano celično linijo oziroma modelom, se lahko biokorona enakega tipa nanodelcev med 
poskusi razlikuje. V sistemih in vivo biokorona nastane ob aplikaciji nanodelcev, predhodno pa 
so nanodelci pripravljeni v preprostejših medijih, ki praviloma ne vsebujejo makromolekul. 
1.2.2. Proteinska korona 
Zaradi razvoja proteomike je najbolje raziskan proteinski del biokorone, za katerega se je 
uveljavil izraz proteinska korona. Po definiciji je proteinska korona plast proteinov, ki je vezana 
neposredno na površino nanodelca. Kadar na nanodelec delujemo z neko silo, ki se izrazi v 
gibanju nanodelca, proteinska korona potuje skupaj z nanodelcem. Vpliv prisotnosti proteinov 
na učinke, ki jih imajo nanodelci na biološke sisteme, je poznan že dolgo, razvoj proteomike pa 
je omogočil kvalitativno in kvantitativno določanje sestave proteinske korone.27,41 Izkazalo se je, 
da se deleži proteinov v proteinski koroni razlikujejo od deležev proteinov v mediju, kjer je 
proteinska korona nastala. Kot omenjeno, so površine nanodelcev zelo heterogene, prav tako so 
si v nekaterih lastnostih zelo različni tudi proteini. Afinitete med različnimi tipi nanodelcev in 
različnimi proteini torej niso enake, kar vodi v heterogeno sestavo proteinske korone. Sestava 
proteinske korone je torej odvisna od lastnosti nanodelcev in sestave medija, spreminja pa se 
tudi v odvisnosti od časa inkubacije – daljši čas omogoči izmenjavo hitro, a šibko vezanih 
proteinov, s proteini, ki se v mediju nahajajo v manjši količini, a se vežejo z večjo afiniteto.26–28  
Pomen proteinske korone je bil dokazan v številnih študijah in vitro z različnimi tipi 
nanodelcev in različnimi celičnimi linijami.4,29,37,42–49 Proteinska korona lahko že pred samo 
interakcijo nanodelcev z drugimi sistemi, npr. celicami, vpliva na nastanek agregatov 
nanodelcev.42,43 Velikost agregatov lahko vpliva na celični privzem le-teh in tako tudi na 
citotoksičnost.37,44,45 Walkey in sod. so pokazali povezanost med sestavo proteinske korone in 
privzemom zlatih nanodelcev, ki so imeli na površini različne kemijske skupine.29 Tudi dobro 
poznani učinek modifikacije s polietilen glikolom, ki zmanjša imunski odziv telesa na nanodelce, 
je bil pred kratkim razložen s prisotnostjo specifične proteinske korone.46 Predhodno so učinek 
razlagali z odsotnostjo proteinov na površini modificiranih nanodelcev.46 Za sprožitev nekaterih 
imunskih odgovorov organizma je dovolj že prisotnost enega specifičnega proteina na površini 
nanodelca. Imunski odziv lahko sproži tudi spremenjena konformacija proteina na površini 
nanodelca.47 Deng in sod. so na primeru interakcije med zlatimi nanodelci modificiranimi s 
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poliakrilno kislino in humanim fibrinogenom pokazali, da se lahko fibrinogen na površini 
nanodelca razvije in izpostavi hidrofobne regije, ki sprožijo celični receptor Mac-1.47 Temeljita 
proteomska karakterizacija v različnih fiziološko relevantnih medijih je torej nujna za 
razumevanje vplivov nanodelcev na biološke sisteme.29,30,50  
1.2.3. Sestava proteinske korone  
Sestava proteinske korone je odvisna od tipa nanodelca, saj različni materiali vežejo 
različne proteine.51 Prav tako sta pomembna velikost in lastnosti površine nanodelca.51–55 Kot 
lastnost površine nanodelca lahko izpostavimo zeta potencial, ki ima znaten vpliv na sestavo 
proteinske korone.27 Sestavo proteinske korone poleg lastnosti nanodelcev določajo tudi 
lastnosti medija, kjer proteinska korona nastane. Prvi parameter, ki omejuje sestavo proteinske 
korone, je nabor proteinov v mediju oziroma vir proteinov.49,56,57 Pomembna sta tudi čas 
formiranja korone in temperatura pri kateri omenjeni proces poteka.30,58,59 Korona se spremeni 
tudi po fagocitozi nanodelcev.28,49  
Medtem ko je vpliv omenjenih parametrov pričakovan, pa v literaturi zasledimo tudi 
vpliv nekaterih manj pričakovanih parametrov. Tako na sestavo proteinske korone med drugimi 
vplivajo izbira zaviralca strjevanja krvi (npr. heparin, Na-citrat) kadar proteine izoliramo iz krvi, 
statični oziroma dinamični pogoji nastanka proteinske korone in celo prisotnost magnetnega 
polja, kadar magnetno polje uporabimo za aktivno dostavo nanodelcev.56,60–62 Kljub temu, da je 
preiskan vpliv mnogih parametrov na sestavo proteinske korone, pa nekateri parametri ostajajo 
zapostavljeni. Eden izmed pomembnejših je sestava medija, ki ga uporabimo za osnovno 
disperzijo nanodelcev. Ko govorimo o medijih, ki so pomembni pri nastanku proteinske korone 
moramo definirati vsaj dva: i) medij v katerem so nanodelci dispergirani (medij v katerem 
redčimo nanodelce) in ii) medij v katerem nastane proteinska korona (medij v katerem redčimo 
vir proteinov). Pomen slednjega je opisan v delu Maiorane in sod., pomen prvega pa je bil do 
sedaj nepojasnjen.63,64 V nadaljevanju dela ga razložimo v prvem podpoglavju poglavja Rezultati 
in razprava. 
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1.3. Interakcija nanodelcev s sesalskimi celicami 
Omenjeno veliko razmerje med površino in volumnom vodi v veliko površinsko aktivnost 
nanodelcev, ki daje nanodelcem določene prednosti, hkrati pa lahko večja površinska aktivnost 
povzroči tudi neželeno toksičnost. Nekateri tipi nanodelcev lahko spremenijo delovanje celice 
ter povzročijo celični stres ali celično smrt, z mehanizmi kot so nižja stopnja proliferacije,65 
spremenjene signalne poti,66 avtofagija,67 lizosomalna disfunkcija,67 porušitev citoskeleta68 in 
ovirana diferenciacija.69 Poleg tega lahko nanodelci ovirajo izmenjavo snovi med celicami in 
zunajceličnim prostorom, vežejo in poškodujejo pomembne proteine, spremenijo znotrajcelični 
nivo ključnih ionov, poškodujejo DNA70 in povzročijo pokanje lizosomov.67 Omenjeni mehanizmi 
lahko vodijo v celično smrt v obliki apoptoze ali nekroze. Če nanodelce dajemo v organizem in 
vivo, lahko odvisno od vrste, koncentracije in načina vnosa povzročijo škodo na tkivih in organih. 
1.3.1. Oksidativni stres 
Reaktivne kisikove zvrsti (ROS) nastajajo v procesu oksidativnega metabolizma in hkrati 
vplivajo na celično signalizacijo. Zaradi visoke reaktivnosti lahko v povišanih koncentracijah z 
oksidacijo ostalih molekul povzročijo škodo na celicah in tkivih.71 Nastanek ROS je eden izmed 
največkrat zaznanih mehanizmov citotoksičnosti nanodelcev.72 Nanodelci lahko sprožijo 
nastanek ROS neposredno na površini nanodelca,73 ter posredno s poškodbami membrane ali 
aktivacijo membranskih receptorjev.74 Dokler oksidativni stres ne preseže kritične vrednosti, 
služi predvsem kot signal za celični odziv na stresor, ko pa je kritična vrednost ROS presežena, 
pride do poškodb mitohondrijske membrane in prekinitve elektronske verige, ki vodi v celično 
smrt.75 Primer odziva na stres je aktivacija prepisovalnega dejavnika NF-κB,66 ki je tudi centralni 
regulator imunosti, vnetja in celičnega preživetja ter velja za glavnega zaviralca z ROS sprožene 
apoptoze.76  
1.3.2. Celična smrt 
Kadar celica ne zmore odpraviti poškodb, ki so posledica interakcije z nanodelci, se 
sprožijo mehanizmi celične smrti. Odvisno od načina aktivacije ločimo dve glavni obliki celične 
smrti, apoptozo in nekrozo. Apoptoza je dobro regulirana oblika celične smrti, odvisna od 
kaspaznih signalnih poti, povečane prepustnosti zunanje mitohondrijske membrane in različnih 
znotrajceličnih stresnih stanj.75,77 Nekroza je za razliko od apoptoze posledica hujših celičnih 
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poškodb (npr. obsežne poškodbe celične membrane). Pri svojem delu smo se največkrat srečali z 
nekrozo ali s celično lizo, apoptozo smo v zelo majhnih deležih zaznali samo v redkih primerih. 
1.3.3. Privzem in znotrajcelična usoda nanodelcev 
Nanodelci najprej delujejo na celično membrano, zatem odvisno od tipa nanodelca, vrste 
celice in drugih parametrov, vstopijo v celico. V večini primerov privzem (vnos nanodelcev v 
celico) poteka aktivno, z mehanizmi endocitoze. Endocitoza je celični mehanizem, ki je nujno 
potreben za vnos hranil in medcelično komunikacijo.78 Odvisna je od tipa celic, lastnosti 
nanodelcev in tudi od proteinske korone.79–81 Med glavne vrste endocitoze uvrščamo 
fagocitozo, s klatrini ali s kaveolini posredovano endocitozo in makropinocitozo. Medtem ko je 
za aktivacijo prvih treh tipov nujna interakcija z receptorjem, makropinocitoza ne potrebuje 
neposredne receptorske aktivacije. Makropinocitoza omogoča privzem velikih delcev celicam, ki 
niso sposobne fagocitoze. Endocitotska pot je pomembna, saj način privzema določa znotraj-
celično usodo nanodelcev, ki je pomembna tako za razumevanje mehanizmov toksičnosti kot za 
razvoj aplikacij.80 Odvisno od endocitotske poti se nanodelci po endocitozi nahajajo v različnih 
znotrajceličnih veziklih oziroma so prisotni prosto v citoplazmi. Način in stopnjo endocitoze 
različnih celičnih tipov lahko torej izkoristimo kot mehanizem tarčne dostave molekul s pomočjo 
nanodelcev.  
1.3.4. Modeli in vitro  
Prvi korak testiranja ustreznosti nanodelcev za uporabo v bionanotehnologiji je testiranje 
citotoksičnosti in vitro in privzema na različnih celičnih linijah. Glede na lastnosti nanodelcev 
lahko ti na različne sesalske celične linije delujejo tako, da stimulirajo ali zavirajo njihovo 
proliferacijo, na njih nimajo zaznavnega učinka ali pa delujejo citotoksično.82 Ključnega pomena 
je, da izberemo celični model, ki ustreza tkivu, s katerim bodo nanodelci ob aplikaciji dejansko v 
stiku. Nadaljnji korak je lahko testiranje na modelih in vivo, kjer lahko spremljamo toksičnost na 
ravni organizma, biodistribucijo nanodelcev in imunski odziv. Za pridobitev kar se da dobre 
informacije o dejanski toksičnosti, je priporočljiva uporaba biomimetičnih celičnih modelov, ki 
predstavljajo vmesno stopnjo med klasičnim in vitro celičnim modelom in in vivo modelom. 
Stopnja diferenciacije, medcelični stiki in spremenjena komunikacija med celicami so lastnosti 
modelov, ki bistveno pripomorejo k dejanski oceni toksičnosti.83  
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1.4. Interakcija nanodelcev z deli imunskega sistema 
Preverjanje ustreznosti nanodelcev za uporabo v medicini je zelo zahtevno, saj lahko 
nanodelci, ki jih identificiramo kot netoksične, vseeno pomembno vplivajo na imunski sistem pri 
sesalcih.84–86 Kljub številnim raziskavam še vedno prihaja do umika zdravil, osnovanih na 
nanodelcih, iz uporabe (npr. Endorem® in Sinerem®).87 Negativni stranski učinki so običajno 
posledica neželene aktivacije imunskega sistema (preobčutljivostna reakcija, anafilaksa).88 Tudi 
izpostavitev sicer netoksičnim nanodelcem lahko močno spremeni delovanje makrofagov, 
njihovo gensko regulacijo in sposobnost fagocitoze patogenov.89 Ovrednotenje imunogenosti 
nanodelcev je torej ključnega pomena.  
Nanodelci lahko stimulirajo90 ali zavrejo91 delovanje imunskega sistema. Številne študije 
so že analizirale interakcije med različnimi formulacijami nanodelcev in imunskega 
sistema.38,89,90,92–96 Nanodelci lahko vplivajo na ekspresijo citokinov66,96–98 v celicah imunskega 
sistema, dobro je preučena tudi aktivacija sistema komplementa pod vplivom 
nanodelcev.90,92,99–103 Analiza vpliva nanodelcev na celice prirojenega imunskega sistema je 
glavni pristop določanja potencialne imunotoksičnosti nanodelcev.24,86,99,104 Številne raziskave so 
narejene na celicah prirojenega imunskega sistema, predvsem na celičnih linijah 
makrofagov38,47,66,89,94–96,104–106, medtem ko so raziskave na primarnih imunskih celicah 
redke.89,96,107 
Kljub jasnemu problemu in številnim znanim primerom interakcije nanodelcev z 
imunskim sistemom še ni postavljenih vseh standardov in enotnih protokolov za testiranje 
imunotoksičnosti nanodelcev.84,86 Tudi mehanizmi aktivacije imunskega sistema še niso povsem 
razjasnjeni, prav tako niso definirane vse spremenljivke, ki lahko vplivajo na imunski odgovor 
posameznika.88,99,101 Povezava med fizikalno-kemijskimi lastnostmi, proteinsko korono, 
citotoksičnostjo in imunotoksičnostjo nanodelcev v obstoječi literaturi ni dobro opisana. Študij, 
ki bi povezale vse tri aspekte, je izredno malo.47,108,50 Razumevanje povezave med 
fizikalno-kemijskimi lastnostmi, proteinsko korono, citotoksičnostjo in imunotoksičnostjo 
nanodelcev lahko ob pravilni interpretaciji vodi do novih, izboljšanih oblik nanodelcev. 
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1.4.1. Sistem komplementa 
Sistem komplementa je nabor krožečih in membranskih proteinov, ki so povezani v 
encimsko kaskado. Je del prirojene imunosti proti mikroorganizmom. Aktivira se lahko po treh 
različnih poteh: i) klasični, ii) alternativni ali iii) lektinski. Rezultat aktivacije so topne 
komponente, ki delujejo kot kemoatraktanti imunskih celic. Komponenti C3b in C5b se vežeta na 
površino tujkov (npr. nanodelcev) in delujeta kot opsonina s katerima imunske celice prepoznajo 
tujek. Proteini komplementa so torej lahko sestavni del proteinske korone,30,109 vezava 
proteinov sistema komplementa na nanodelce pa je lahko eden izmed mehanizmov aktivacije 
prirojenega imunskega sistema z nanodelci. Aktivacijo sistema komplementa so opazili pri 
železo-oksidnih nanodelcih oplaščenih z dekstranom,92 pri liposomalni formulaciji 
doxorubicina110 in pri različnih oblikah zlatih nanodelcev.111 Yu in sod. so pokazali, da je 
aktivacija sistema komplementa s polistirenskimi nanodelci odvisna tudi od konformacije gliko-
polimernih verig na površini nanodelcev.112 
1.4.2. Citokini 
Citokini so proteini, ki služijo za komunikacijo med različnimi celicami imunskega 
sistema, uporabimo pa jih lahko tudi kot znanilce neželene stimulacije imunskega sistema z 
nanodelci.97,113 Silicijevi nanodelci na primer sprožajo nastanek interlevkina 1β (IL-1β) in 
interlevkina 18 (IL-18) v primarnih celicah izoliranih iz kostnega mozga114 ter IL-1β, interlevkina 8 
(IL-8) in dejavnika tumorske nekroze α (TNF-α) v celicah izoliranih iz endotelija popkovnice.115 
Zlati nanodelci oplaščeni s poliakrilno kislino zaradi razvitega fibrinogena na površini nanodelca 
aktivirajo receptor Mac-1 in sprožijo nastanek IL-8 in TNF-α v celicah THP-1.47 V nekaterih 
primerih lahko nanodelci aktivirajo inflamasom NLRP3 in sprožijo izločanje citokinov.116–118 
1.4.3. Prisotnost endotoksinov  
Pri vsakem testiranju imunogenosti nanodelcev je potrebno izključiti vplive organskih 
nečistot kot so lipopolisaharidi (LPS).36,119 Prisotnost LPS lahko vodi do prehitrih zaključkov o 
imunogenosti nanodelcev, v kolikor se te prisotnosti ne zavedamo. Kljub temu v mnogih študijah 
ne preverjajo prisotnosti endotoksinov, ki lahko sprožijo imunski odziv. 
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1.5.  Magnetni nanodelci 
Pomembna podskupina nanodelcev so magnetni nanodelci, za katere je značilno, da se 
odzivajo na zunanje magnetno polje. Sestavljajo jih elementi z magnetnimi lastnostmi (železo, 
nikelj, kobalt) in njihovi oksidi. Takšni nanodelci so uporabni kot kontrastna sredstva pri slikanju 
z magnetno resonanco, tarčni dostavi zdravil, magnetofekciji, ločevanju bioloških molekul in v 
tkivnem inženirstvu.120 
1.5.1. Sinteza magnetnih nanodelcev 
Osnova magnetnih nanodelcev je magnetno jedro. Magnetna jedra so najpogosteje iz 
magnetita (Fe3O4), maghemita (γ-Fe2O3) in kobalt-ferita (CoFe2O4), ki so kemijsko dovolj stabilni. 
Kemijske metode za sintezo magnetnih nanodelcev, uporabljenih v biomedicinskih aplikacijah, 
so: koprecipitacija, emulgiranje, sol-gel sinteza, sonokemična sinteza in sinteza z ionizacijo. Ne 
glede na uporabljeno metodo je potrebno za uspešno sintezo zagotoviti prave pogoje, treba je 
dosegati ponovljive rezultate ter se izogniti zahtevnim procesom čiščenja. Kljub širokemu izboru 
metod je najpogosteje izbrana metoda kemične koprecipitacije železovih soli. Ta omogoča 
sintezo velikih količin nanodelcev, problem predstavlja širša distribucija velikosti kot pri 
nekaterih drugih metodah. Glavni parametri sinteze so pH, ionska moč, temperatura, izbor soli 
in razmerje Fe2+/ Fe3+. 121 
1.5.2. Aplikacije magnetnih nanodelcev  
Magnetni nanodelci so heterogena skupina, razlikujejo se v sestavi, obliki, velikosti in 
oplaščenosti. Biomedicinske aplikacije zahtevajo med 30 nm in 300 nm velike nanodelce. 
Velikost nanodelcev mora biti čim bolj homogena, biti morajo stabilizirani (oplaščenje), hkrati pa 
ne smejo biti toksični in imunogeni.122 
Magnetne nanodelce lahko uporabimo v različnih aplikacijah v biologiji in v medicini. 
Največkrat so uporabljeni za molekularno prikazovanje. Konjugirane magnetne nanodelce lahko 
specifično dostavljamo do tarče in jih nato zaznamo s slikanjem z magnetno resonanco 
(MRI).123,124 Nanodelce lahko funkcionaliziramo s protitelesi ali malimi molekulami, ki se vežejo 
na želeno tarčo.120 Magnetne lastnosti omogočajo specifično usmerjanje nanodelcev z zunanjim 
magnetnim poljem, kar omogoča koncentriranje nanodelcev na izbranem delu telesa, tkivu ali 
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celo celici. Laurent in sod. kot drugo najpomembnejšo aplikacijo navajajo ločevanje celic ali 
proteinov z uporabo magnetnih nanodelcev funkcionaliziranih s specifičnimi protitelesi.125  
Magnetne nanodelce lahko uporabimo tudi za magnetofekcijo.126 Prijič in sod. so 
pokazali uspešno magnetofekcijo celične linije B16F1 z magnetnimi nanodelci, dvojno 
oplaščenimi s poliakrilno kislino in polietileniminom ter dodatno funkcionaliziranimi s plazmidno 
DNA za zeleni fluorescirajoči protein. Vnos plazmidne DNA z magnetofekcijo je bil primerljiv 
vnosu z elektroporacijo. V isti študiji je opisana magnetofekcija plazmidne DNA v tumor mišjega 
adenokarcinoma in zdravljenje adenokarcinoma s tarčno dostavo gena za IL-12 z magnetnimi 
nanodelci in usmerjanjem z zunanjim magnetnim poljem.127 
Več avtorjev navaja uporabo magnetnih nanodelcev za tarčno dostavljanje zdravilnih 
učinkovin.123,125,127 Jalalian in sod. poročajo o učinkovitem zmanjšanju volumnov tumorjev 
rakastih celic debelega črevesa in vivo na miših. Tarčno ciljanje so dosegli z aptameri, 
specifičnimi za tumorske celice. Celotni kompleks so sestavljali aptamer kot sonda, epirubicin 
kot zdravilna učinkovina (citostatik) in magnetni nanodelec kot nosilec.128 
Magnetni nanodelci se poleg opisanega uporabljajo tudi za hipertermijo. Hipertermija je ena 
izmed metod za uničevanje tumorskih celic z malo stranskimi učinki, kadar je aplicirana lokalno. 
Magnetne nanodelce lahko lokalno vbrizgamo v tumor, tega izpostavimo zunanjemu 
magnetnemu polju, kar povzroči premikanje nanodelcev in segrevanje njihove okolice. Takšna 
metoda zdravljenja se že uporablja v klinični praksi za zdravljenje glioblastoma.16 
1.6. Oplaščenje in funkcionalizacija 
Nanodelci imajo lahko enotno sestavo ali pa so sestavljeni iz več komponent. Primer 
nanodelcev z enotno sestavo so srebrni, zlati, in TiO2 nanodelci, medtem ko lahko kot primer 
sestavljenih navedemo kobalt-feritne nanodelce oplaščene s poliakrilno kislino. O oplaščenju 
govorimo, kadar se jedro in zunanja plast nanodelca razlikujeta. V primeru kobalt-feritnih 
nanodelcev oplaščenih s poliakrilno kislino je jedro sestavljeno iz kristalov kobaltovega ferita, 
plašč pa iz poliakrilne kisline. Jedra nanodelcev oplaščimo iz različnih razlogov, najbolj osnovni je 
stabilizacija jeder proti agregaciji v specifičnih razmerah (npr. fiziološki pogoji). Stabilizacijo 
dosežemo z dvema mehanizmoma: i) steričnim oviranjem ali ii) elektrostatskim odbojem.125 V 
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primeru stabilizacije s poliakrilno kislino dosežemo oboje.80 Za oplaščenje se mnogokrat 
uporabljajo različni polimeri, izpostavimo lahko polietilen glikol, ki se uporablja za oplaščenje 
različnih tipov nanodelcev (magnetni, polimerni, liposomski) z namenom izboljšanja 
farmakoloških lastnosti.5,129,130  
1.6.1. Oplaščenje 
Plašč na površini daje nanodelcem glavne kemijske lastnosti. Za oplaščenje lahko 
uporabimo množico različnih materialov z različnimi lastnostmi, od malih molekul kot je citrat131 
do polimerov kot sta polietilen glikol124 in poliakrilna kislina80 ter makromolekul biološkega 
izvora (proteini).132,133 Oplaščenje lahko zagotavlja kemijsko (preprečuje oksidacijo) in fizikalno 
(preprečuje agregacijo) stabilnost nanodelcev.41 Z oplaščenjem se lahko izognemo toksičnosti 
nanodelcev saj plast polimera na površini nanodelca spremeni njegove lastnosti, kar lahko vodi 
do spremenjenih interakcij z biološkimi sistemi.90 Odvisno od polimera, se lahko toksičnost 
omeji, izjemoma pa je lahko polimer vzrok povečane toksičnosti.134 Primer inertnih oplaščenih 
nanodelcev so kobalt-feritna jedra oplaščena s poliakrilno kislino, primer citotoksičnih pa 
kobalt-feritna jedra oplaščena s polietileniminom.80  
1.6.2. Funkcionalizacija  
O funkcionalizaciji največkrat govorimo, kadar na površino nanodelcev vežemo molekule, 
ki imajo poleg stabilizacije še dodatno funkcijo. Iz napisanega sledi, da je pristop k 
funkcionalizaciji odvisen od aplikacije.135 Na zlate nanodelce lahko na primer vežemo specifična 
protitelesa označena s flourokromom, ki se uporabljajo v korelativni mikroskopiji.136 Primer 
funkcionalizacije je tudi vezava encima na površino nanodelca.137O funkcionalizaciji lahko 
govorimo tudi v primeru oplaščenja s pozitivno nabitim polimerom z vezano DNA.138  
1.7.  Nanodelci kot dostavni sistemi 
Nanodelce lahko izkoristimo kot dostavni sistem za različne molekule (npr. citostatike, male 
molekule, nukleinske kisline). V resnici je večji del biomedicinskih aplikacij nanodelcev vezan na 
dostavo nanodelcev oziroma nanodelcev skupaj z neko molekulo v izbrana tkiva. Največkrat 
govorimo o ciljni dostavi nanodelcev v rakaste tumorje. Poznamo dva glavna mehanizma 
dostave: i) pasivnega in ii) aktivnega.  
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1.7.1. Pasivna dostava 
Pasivno kopičenje nanodelcev v tumorjih je posledica spremenjene strukture ožilja 
tumorja. Za žile v tumorjih je značilna povečana prepustnost, zato se tam kopičijo nanodelci iz 
krvnega obtoka. Omenjeno lastnost tumorjev poznamo pod izrazom EPR efekt (ang. enhanced 
permeability and retention effect). Medtem ko so pore normalnega endotelijskega tkiva žil 
velike med 5 in 10 nm, so pore v tumorjih velike med 200 in 800 nm ali več. Mehanizem je 
precej učinkovit za označevanje tumorjev z magnetnimi nanodelci, ki jih kasneje vizualiziramo z 
magnetno resonanco.139,140 Poudariti moramo, da pasivna dostava ni uporabna za vse vrste 
tumorjev. 
1.7.2. Aktivna dostava 
Precej bolj zahtevno je razviti dostavne sisteme za aktivno ciljanje. Aktivno ciljanje 
dosežemo z vezavo liganda, ki ima svojo tarčo (receptor) na površini rakastih celic, na površino 
nanodelca. Interakcija receptorja in liganda sproži receptorsko-posredovano endocitozo. 
Primera parov ligand receptor sta transferin-transferinski receptor in folat-folatni receptor.141,142 
Aktivno ciljanje lahko dosežemo tudi na druge načine. Pri magnetnih nanodelcih lahko ciljanje 
dosežemo z uporabo magnetnega polja, ki poveča akumulacijo nanodelcev tam, kjer je 
magnetno polje prisotno.143 Zelo jasnemu konceptu navkljub ima aktivna dostava nanodelcev 
tudi svoje omejitve. V okviru tega dela lahko kot eno izmed omejitev izpostavimo nastanek 
proteinske korone na površini nanodelca, ki ima vezan ligand za tarčno ciljanje.  
1.7.3. Lizosomalni pobeg  
Izmed specifičnih interakcij med nanodelci in sesalskimi celicami velja omeniti 
lizosomalni pobeg. Dejstvo je, da se DNA ob vnosu v celico z nanodelci sprosti iz endosomov 
oziroma lizosomov, čeprav mehanizem ni znan. Lizosomalni pobeg je hipoteza o mehanizmu 
dostave nukleinskih kislin s polietileniminom, ki jo je leta 1997 predstavil Behr.144 Polietilenimin 
je kationski polimer, primeren za vnos nukleinskih kislin v sesalske celice in je pogosto 
uporabljen kot zunanji plašč nanodelcev.145 Zaradi velikega presežka pozitivno nabitih amino 
skupin je primeren za vnos nukleinskih kislin, saj amino skupine elektrostatsko vežejo DNA ali 
RNA, pri čemer nastanejo kompleksi, ki vstopajo v celice. Reaktivna površina, ki omogoča tvorbo 
kompleksov, je odgovorna tudi za visoko toksičnost polietilenimina.  
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Hipoteza o lizosomalnem pobegu pravi, da kompleksi polimera z DNA vstopajo v celico z 
endocitozo. Kompleksi se po vstopu v celico nahajajo v endosomih, kjer velika puferska 
kapaciteta polimera preprečuje njihovo zakisanje. Endosomske ATPaze prenašajo protone v 
endosom, protonom sledi vdor kloridnih ionov. Hitro povečanje koncentracije ionov in 
odbijajoče sile med pozitivno nabitimi skupinami na polimeru povzročijo povečan osmotski tlak, 
nabrekanje in pokanje endosomov.144 Ta mehanizem naj bil odgovoren tako za uspešno 
transfekcijo, kot za povečano citotoksičnost takšnih nanodelcev. Navkljub intenzivnemu 
raziskovanju hipoteza do sedaj ni bila niti potrjena niti ovržena. 
1.8.  Model urotelija 
Ker smo želeli razviti aplikacijo za zdravljenje papilarne neoplazme urotelija, smo izbrane 
poskuse naredili na biomimetičnem modelu zdravega in rakastega urotelija.146,147 Urotelij je 
izrazito nepropustno epitelijsko tkivo, za kar so odgovorni tesni medcelični stiki, prisotnost 
uroplakinov na apikalni strani celične membrane in nizka stopnja endocitoze.148 Endocitotska 
aktivnost celic urotelija se močno poveča z de-diferenciacijo, ki je značilna lastnost rakastih 
celic.149 Rak mehurja, ki predstavlja enega najpogostejših rakov v razvitem svetu, lahko zdravimo 
z resekcijo, cistektomijo, obsevanjem, kemoterapijo ali z intravezikularno terapijo. Pri 
intravezikularni terapiji učinkovino dostavimo v mehur preko katetra.150 Študije so pokazale, da 
lahko uporaba nanodelcev za dostavo učinkovin izboljša učinke intravezikularne terapije.151,152 
Za namenom razvoja terapije smo preizkusili citotoksične kobalt-feritne nanodelce oplaščene s 
polietileniminom in govejim serumskim albuminom. Rezultati so predstavljeni v šestem 
podpoglavju poglavja rezultati in razprava. 
1.9. Načelo varno z načrtovanjem (ang. Safe by design) 
V zadnjih nekaj letih znotraj bionanotehnološke skupnosti govorimo o načelu varno z 
načrtovanjem (ang. safe by design). Razumevanje interakcij med nanodelci in živimi sistemi 
želimo razumeti do te mere, da bi lahko že tekom razvoja načrtovali nanodelce, ki bi bili 
absolutno varni ter ne bi sprožali neželenih toksičnih ali imunskih odzivov. Primer nepopolne 
implementacije načela je uporaba polietilen glikola za oplaščenje nanodelcev (pegilacija); 
polietilenglikol zmanjša vezavo proteinov na površini nanodelcev, podaljša čas kroženja 
nanodelcev v krvnem obtoku sesalcev in zmanjša neželene interakcije s celicami. Kljub pegilaciji 
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lahko nanodelci sprožijo aktivacijo sistema komplementa.90 Izbrani primer poudari pomen prav 
vseh vidikov karakterizacije za sintezo resnično varnih formulacij.  
Glavni problem zagotavljanja načela je nepopolno poznavanje vseh spremenljivk, ki 
vplivajo na interakcije med nanodelci in živimi sistemi, relacij med njimi ter kompleksnost 
imunskega sistema. Dodaten izziv predstavlja upoštevanje individualnih specifik imunskega 
sistema, ki so posledica različne zgodovine interakcij posameznika z imunogenimi snovmi. Za 
prepoznavanje teh ključnih spremenljivk lahko poleg kompleksnih študij, ki upoštevajo vse 
aspekte uporabimo tudi kvantitativno analizo podatkov iz obstoječe literature. 
1.10. Namen in raziskovalne hipoteze 
Namen celotnega dela je bil i) določiti sestavo proteinske korone izbranih nanodelcev, ii) 
določiti njihovo citotoksičnost in imunotoksičnost ter iii) razvoj in analiza novih oplaščenj. Z 
uporabo pridobljenega znanja smo želeli izboljšati obstoječe formulacije biomedicinskih 
nanodelcev in jih približati dejanski uporabi v aplikacijah. 
Ključna znanstvena vprašanja, na katera smo želeli odgovoriti v pričujočem delu, so bila: 
i) Ali medij za pripravo nanodelcev vpliva na sestavo proteinske korone? 
ii) Ali se sestava proteinske korone odraža v spremembi koncentracije vnetnih 
faktorjev, ki jih izločajo celice prirojenega imunskega sistema? 
iii) Ali lahko modifikacija obstoječih formulacij nanodelcev z malimi molekulami ali 
proteini zmanjša njihovo citotoksičnost? 
iv) Ali lahko povezanost med proteinsko korono in izločanjem citokinov preverimo s 
kvantitativno analizo rezultatov iz obstoječe literature? 
v) Ali lahko modificirane formulacije nanodelcev uporabimo za terapijo urotelijske 
papilarne neoplazme? 
1.10.1. Raziskovalne hipoteze 
i) Priprava obstoječih formulacij nanodelcev v različnih medijih (fiziološka 
raztopina, hranilni celični medij, destilirana voda) spremeni fizikalne lastnosti 
nanodelcev (zeta potencial se spremeni) in vpliva na sestavo proteinske korone 
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(preko manjše afinitete do nasprotno nabitih proteinov), ki nastane ob vstopu 
nanodelcev v fiziološko relevantno okolje. 
ii) Modifikacija obstoječih formulacij nanodelcev z ustreznimi malimi molekulami ali 
proteini zmanjša toksičnost, ki jo ti izkažejo na celičnih linijah ali celičnih modelih 
preko spremenjenih fizikalno-kemijskih lastnostih in spremenjene sestave 
proteinske korone. 
iii) Nanodelci preko proteinske korone sprožajo vnetne odzive celic prirojenega 
imunskega sistema. Spremenjena sestava proteinske korone, kot posledice 
priprave nanodelcev, se zato odraža v spremenjenih mehanizmih interakcije 
nanodelcev s celicami prirojenega imunskega sistema, kar lahko merimo kot 
spremembo koncentracije vnetnih faktorjev (IFN- γ, TNF-α, IL-1β), ki jih izločajo 
celice prirojenega imunskega sistema (THP-1). 
Osredotočili smo se na i) kobalt-feritne nanodelce oplaščene s poliakrilno kislino ali 
polietileniminom, ki jih uporabljamo za označevanje celic oziroma dostavo nukleinskih kislin in 
na ii) industrijsko pomembne nanodelce (SiO2, TiO2). Najprej smo z uporabo poliakrilamidne 
gelske elektroforeze in masne spektrometrije analizirali sestavo proteinske korone silicijevih in 
kobalt-feritnih nanodelcev oplaščenih s poliakrilno kislino, ki smo jih predhodno inkubirali v 
govejem serumu. Nanodelce smo pripravili v različnih medijih (hranilni medij RPMI-1640, 
fiziološka raztopina, destilirana voda, fosfatni pufer) in preverili vpliv medija za pripravo 
nanodelcev na sestavo proteinske korone.  
Pred začetkom testiranja imunskega odziva smo preverili, če formulacije nanodelcev 
vsebujejo sledi endotoksinov. Imunotoksičnost silicijevih in kobalt-feritnih nanodelcev 
oplaščenih s poliakrilno kislino smo preverjali na celični liniji THP-1.153 Vnetni odziv smo določali 
z uporabo encimsko imunskega testa (ELISA), s katerim smo določali koncentracijo izločenih 
citokinov. 
Ker smo želeli zmanjšati toksičen učinek kobalt-feritnih nanodelcev, oplaščenih s 
polietileniminom, smo na površino nanodelcev vezali glutation. Vpliv nanodelcev z in brez 
UVOD 
20 
glutationa, na viabilnost in celični stres v odvisnosti od koncentracije nanodelcev, smo merili na 
celični liniji CHO.  
Za rakaste celice urotelija je značilna de-diferenciacija. Ker smo pokazali, da de-
diferenciacija rakastih celic urotelija vodi v povišano stopnjo endocitoze, bi z vnosom visokih 
koncentracij citotoksičnih kobalt-feritnih nanodelcev, oplaščenih s polietileniminom, lahko 
dosegli selektivno toksičnost proti rakastim celicam. Da bi preprečili poškodbe membran zdravih 
celic urotelija, smo nanodelce modificirali z govejim serumskim albuminom. 
V predzadnjem delu disertacije je predstavljen nekoliko drugačen raziskovalni pristop. Iz 
ključne literature smo pridobili in zbrali podatke o fizikalno-kemijskih lastnostih nanodelcev, 
sestavi proteinske korone in imunskem odzivu in vitro. Sledila je kvantitativna analiza rezultatov, 
ki smo jih pridobili iz obstoječe literature. Na koncu so predstavljeni prvi rezultati študije, kjer 
bomo eksperimentalno preverili povezanost fizikalnih lastnosti, sestavo proteinske korone in 
sproščanje citokinov na celični liniji THP-1 ob izpostavitvi različnim nanodelcem. 
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2. MATERIALI IN METODE 
V poglavju Materiali in metode so kratki opisi metod, ki so bile uporabljene za testiranje 
postavljenih hipotez. Uporabljeni materiali so definirani v znanstvenih člankih, ki so del 
disertacije. Natančna razlaga metod se nahaja v sklopu objavljenih znanstvenih člankov oziroma 
dodatnih neobjavljenih rezultatov v poglavju Rezultati in razprava. 
2.1. Sinteza in fizikalno-kemijska karakterizacija nanodelcev 
2.1.1. Sinteza 
Kobalt-feritne (CoFe2O4) nanodelce smo pripravili z metodo koprecipitacije. Oplaščili 
smo jih s poliakrilno kislino oziroma polietileniminom. Funkcionalizirali smo jih z glutationom ali 
govejim serumskim albuminom.64,80,154–157  
2.1.2. Merjenje hidrodinamskega premera 
Hidrodinamski premer smo merili z metodo laserskega sipanja svetlobe (DLS).64,80,154–157 
2.1.3. Merjenje zeta potenciala 
Zeta potencial smo merili z napravo Malvern Zetasizer NanoZS (Malvern Industries, Malvern, 
VB) po navodilih proizvajalca. 64,80,154–157  
2.2. Celične kulture in celični model 
2.2.1. Celične kulture 
Uporabili smo celične linije ovarijskih celic hrčka (CHO), mišjega melanoma (B16F1), 
humane papilarne neoplazme mehurja (RT4), invazivne neoplazme mehurja (T24) in humanih 
monocit (THP-1) ter primarne humane mioblaste (MYO). 154–157 
2.2.2. Celični modeli 
Uporabili smo celične modele zdravega prašičjega urotelija.154–157 
2.3. Določanje viabilnosti celic 
2.3.1. Hoechst/PI 
Celice smo pobarvali z barviloma Hoechst, ki obarva jedra vseh celic, in propidijev jodid, 
ki obarva jedra mrtvih celic. Celice smo poslikali z uporabo fluorescenčne mikroskopije in določili 
število vseh in število mrtvih celic.154,155 
2.3.2. Avtomatsko štetje celic 
Celice smo pobarvali z barvilom tripan modro in prešteli z avtomatskim števcem celic 
CountessTM.156,157 
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2.3.3. Test MTS 
Test MTS smo naredili po navodilih proizvajalca.154  
2.4. Mikroskopiranje 
Uporabili smo presevno elektronsko mikroskopijo (TEM)154,156,157 in vrstično elektronsko 
mikroskopijo (SEM).154 
2.5. Stresni odziv celic 
2.5.1. Določanje reaktivnih kisikovih zvrsti  
Uporabili smo test CM-H2DCFH-DA (Molecular Probes, Invitrogen, ZDA) po navodilih 
proizvajalca.154,155 
2.5.2. Določanje celokupne vsebnosti glutationa  
Uporabili smo test Apo GSHTM (Biovision Inc.,Milpitas, ZDA) po navodilih proizvajalca.154 
2.5.3. Določanje stopnje apoptoze 
Uporabili smo Annexin V Conjugate Alexa Flour® 488 (Molecular Probes, Invitrogen, ZDA) 
po navodilih proizvajalca.155 
2.5.4. Dvojni luciferazni test 
Uporabili smo test Dual Glo Luciferase Assay System (Promega, ZDA) po navodilih 
proizvajalca.155 
2.6. Določanje sestave proteinske korone 
2.6.1. Poliakrilamidna gelska elektroforeza v prisotnosti NaDS 
Izolirane proteine smo analizirali z 1D NaDS-PAGE pod redukcijskimi pogoji. Proteine smo 
barvali s koloidnim srebrom. Metoda je podrobneje opisana v 64. 
2.6.2. Masna spektrometrija (MS) 
Proteine, ki smo jih očistili z NaDS-PAGE smo analizirali z MS. Podatke smo analizirali z 
iskanjem po bazah podatkov z uporabo algoritma Sequest. Metoda je podrobneje opisana v 64. 
2.7. Določanje imunskega odziva 
2.7.1. Endotoksinski test (test LAL) 
Prisotnost endotoksinov smo določali s testom PYROGENTTM Gel Clot (Lonza, ZDA) po 
navodilih proizvajalca.155 
2.7.2. Prenos po metodi western 
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Prenos po metodi western smo uporabili za sledenje aktivacije prepisovalnega dejavnika 
NF- κB.155 
2.7.3. Encimsko-imunski test (ELISA) 
Encimsko imunski test (ELISA; Affymetrix eBioscience Inc., Atlanta, GA, ZDA) smo 
uporabili za detekcijo citokinov IL-6 in TNF-α. ELISO smo izvedli po navodilih proizvajalca. 
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3. REZULTATI IN RAZPRAVA 
Doktorska disertacija je sestavljena iz petih izvirnih znanstvenih člankov, enega preglednega 
znanstvenega članka (poslanega v objavo) in dveh dodatnih poglavij z neobjavljenimi rezultati. V 
prvem delu smo pokazali vpliv disperzijskega medija na sestavo proteinske korone. V 
nadaljevanju pokažemo, da tako spremenjena korona ne vpliva na izločanje citokinov. Sledi 
delo, v katerem smo pokazali vpliv dveh različno oplaščenih kobalt-feritnih nanodelcev na dve 
celični liniji. Razvoj postopka za zmanjševanje toksičnosti pozitivno nabitih kobalt-feritnih 
nanodelcev je predstavljen v četrtem poglavju. V petem poglavju so predstavljeni rezultati, ki 
dokazujejo selektivno endocitozo kobalt-feritnih nanodelcev oplaščenih s poliakrilno kislino v 
rakaste celice urotelija. Omenjeno delo je predstavljalo osnovo za razvoj potencialne terapije za 
zdravljenje urotelijske papilarne neoplazme na osnovi kobalt-feritnih nanodelcev, ki je 
predstavljena v šestem poglavju. Predzadnje poglavje sestavlja pregledni članek z natančno 
analizo že objavljenih in vitro študij, v katerih so hkratno analizirane fizikalno-kemijske lastnosti, 
sestava proteinske korone in učinki nanodelcev na dele imunskega sistema. Disertacijo 
zaokrožuje poglavje, v katerem na podlagi lastnih eksperimentalnih podatkov analiziramo 
povezanost med fizikalno-kemijskimi lastnostmi, sestavo proteinske korone in sproščanjem 
citokinov. 
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3.1. Članek 1: Disperzija nanodelcev v različnih medijih pomembno določa sestavo 
proteinske korone 
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Povzetek: Proteinska korona nastane ob stiku nanodelcev s tekočino, ki vsebuje proteine. Na 
področju nanomedicine je proteinska korona v veliki meri spregledana, kljub temu da številne 
študije kažejo na pomembnost le te za interakcijo nanodelcev z njihovo okolico. Čeprav je bilo v 
zadnjih letih preučenih veliko dejavnikov, ki določajo sestavo proteinske korone, je eden ostal 
zapostavljen – sestava disperzijskega medija. Preučili smo vpliv različnih disperzijskih medijev 
(hranilni celični medij, destilirana voda, fiziološka raztopina, fosfatni pufer) na sestavo 
proteinske korone kobalt-feritnih nanodelcev oplaščenih s poliakrilno kislino (PAA nanodelci) in 
silicijevih nanodelcev. Z rezultati smo potrdili nekaj glavnih predpostavk o proteinski koroni, kot 
je na primer odvisnost sestave proteinske korone od tipa nanodelcev in, pomembneje, pokazali, 
da tudi izbor disperzijskega medija vpliva na sestavo proteinske korone. Razlike v sestavi 
proteinske korone, ki je nastala ob stiku s fetalnim govejim serumom (FBS), so bile posledica 
različnih komponent (ionov in makromolekul) disperzijskega medija, kot so dvovalentni ioni in 
makromolekule. Pokazali smo, da je sestava proteinske korone kompleksna funkcija sestave 
disperzijskega medija. Neodvisno od disperzijskega medija in koncentracije FBS je bila večina 
proteinov, ki so sestavljali proteinsko korono obojih nanodelcev, povezana s procesoma 
transporta in hemostaze. V koroni silicijevih nanodelcev smo zaznali tri proteine povezane s 
sistemom komplementa (faktor H, komplement C3 in komplement C4), medtem ko smo v koroni 
PAA nanodelcev zaznali samo en protein povezan z imunskim sistemom (α-2-glikoprotein). 
Relativna količina proteina komplementa C3 se je povečala, če so bili silicijevi nanodelci 
dispergirani v NaCl, kar še dodatno nakazuje pomembnost disperzijskega medija. 
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Abstract
Protein corona of nanoparticles (NPs), which forms when these particles come in to contact
with protein-containing fluids, is considered as an overlooked factor in nanomedicine.
Through numerous studies it has been becoming increasingly evident that it importantly dic-
tates the interaction of NPs with their surroundings. Several factors that determine the com-
positions of NPs protein corona have been identified in recent years, but one has remained
largely ignored—the composition of media used for dispersion of NPs. Here, we determined
the effect of dispersion media on the composition of protein corona of polyacrylic acid-
coated cobalt ferrite NPs (PAA NPs) and silica NPs. Our results confirmed some of the
basic premises such as NPs type-dependent specificity of the protein corona. But more
importantly, we demonstrated the effect of the dispersion media on the protein corona com-
position. The differences between constituents of the media used for dispersion of NPs,
such as divalent ions and macromolecules were responsible for the differences in protein
corona composition formed in the presence of fetal bovine serum (FBS). Our results suggest
that the protein corona composition is a complex function of the constituents present in the
media used for dispersion of NPs. Regardless of the dispersion media and FBS concentra-
tion, majority of proteins from either PAA NPs or silica NPs coronas were involved in the
process of transport and hemostasis. Interestingly, corona of silica NPs contained three
complement system related proteins: complement factor H, complement C3 and comple-
ment C4 while PAA NPs bound only one immune system related protein, α-2-glycoprotein.
Importantly, relative abundance of complement C3 protein in corona of silica NPs was
increased when NPs were dispersed in NaCl, which further implies the relevance of disper-
sion media used to prepare NPs.
PLOS ONE | DOI:10.1371/journal.pone.0169552 January 4, 2017 1 / 21
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Introduction
Despite numerous advances of nanotechnology in the area of biomedicine in recent years, the
technology itself did not completely fulfil high expectations in the field of medical applications
[1]. Although early NPs-based formulations like Doxil1 were very successful [2], some of the
later nanomedicine products were not so triumphant and others were even retracted from the
market (e.g. Endorem1 and Sinerem1) [3]. The domain of nanomedicine is wide and so are
the reasons for the drawback. Problems with reproducibility and scaling up are sometimes
tightly connected with insufficient characterization of nanomedicine formulations. To under-
stand the effects of nanomedicines in vitro or in vivo, we need to consider several physico-
chemical parameters, such as size, size distribution, surface area, charge and surface chemistry
which forms synthetic identity [4]. The second level of characterization is performed when
nanomedicines interact with biological systems [5]. This biological identity is defined also by
adsorption of biomolecules, mainly proteins, to the surface of nanoparticles (NPs) and it is
generally referred to as their protein corona [6–10]. Interaction between NPs and biological
environment such as tissue and cells is mediated by this outmost layer of NPs, one of the fre-
quently overlooked factor in the nanomedicine [11].
Significance of protein corona was demonstrated by numerous studies on different types of
NPs and on various cell lines [12–22]. Already before NPs interaction with cells or tissue, pro-
teins can affect the aggregation of NPs [12,13]. State of aggregation can determine the cellular
uptake of NPs, which may be therefore directly connected to the composition of the protein
corona [14–16]. As already demonstrated, the uptake of golden NPs with different coatings is a
function of the composition of their protein coronas [17]. Also, the well-known poly(ethylene
glycol) stealth effect responsible for reduced cellular uptake of NPs was recently explained by
the presence of specific proteins in their protein corona rather than the absence of all proteins
[18]. Too high cellular uptake of NPs can lead to cytotoxicity which is again known to correlate
with the presence or the absence of their protein corona [19,22]. Interestingly, the presence of
a single type of protein on the surface of NPs is enough to trigger immune response on the cel-
lular level [20,21].
Many factors dictate protein corona composition of NPs and consequently their biomedical
applicability. Factors governing protein corona composition of NPs can be divided to the ones
defined by the NPs themselves [23–28] and others, outlined by the media where corona is
formed [9,29–36]. Firstly, protein corona is NPs-specific—different materials bind different
proteins [23]. Size and surface coating of NPs with identical composition are also relevant [23–
26,28] and there was also an attempt to use protein pre-coating of NPs as a factor for control-
ling their protein corona composition [27]. Although relevant, factors defined by NPs are
fewer compared to media-dependent factors. Composition of the NPs corona depends on the
source of proteins [29–31], time [9,32] and temperature [33] of the incubation of NPs in bio-
logical fluids. Not all variables are so intuitive; corona composition can also be affected by
serum heat inactivation [34], choice of anticoagulant [30], static versus dynamic conditions of
the media [35] and even the presence of magnetic field in the case of iron oxide NPs [36].
Although many factors that define NPs protein corona composition are already well studied,
there is one that has been addressed insufficiently—the composition of media used for disper-
sion of NPs.
There are at least two different media relevant when considering NPs protein corona for-
mation: the first is the medium in which NPs are dispersed (i.e. medium used to dilute NPs),
and the second is the medium where protein corona forms (i.e. medium used to dilute the
source of proteins). Importance of the latter was clearly demonstrated by Maiorano et al. [37],
but the effects of the former remains underestimated.
Dispersion Media Determines Composition of Protein Corona
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The main question addressed in the present work was, whether different dispersion media
used for preparation of NPs affects the resulting protein corona or not. To answer this ques-
tion, we have chosen two examples of nanoparticles: i) polyacrylic acid (PAA) coated cobalt
ferrite NPs (PAA NPs), stable under physiological conditions, developed in our group for fur-
ther use in biotechnology and biomedicine [38] and commercially available silica NPs, used in
cleaning products for everyday use. Since there is a multitude of different nanoparticle systems
and since the interaction with the dispersion media is very much dependent also on the prop-
erties of the NPs itself, we have selected these two NPs suspensions as an example of the poten-
tial media effects on protein corona composition.
Dispersions of NPs were prepared in four different biologically relevant media: Dulbecco‘s
phosphate buffered saline with CaCl2 and MgCl2 (PBS), 0.9% (m/v) NaCl, ATCC modified
RPMI-1640 cell culture media (RPMI) and distilled water (dH2O). Protein corona was formed
in 10% or 100% fetal bovine serum (FBS). Our results demonstrated that the medium in which
NPs were dispersed had significantly affected NPs protein corona composition and could have
an important implication on potential biological effects of NPs Moreover, there was a clear dif-
ference in protein corona composition between dispersion of PAA NPs and silica NPs in com-
plex media where macromolecular corona was formed (e.g. RPMI) compared to media
without macromolecules (e.g. dH2O).
Materials and Methods
Nanoparticles
Silica NPs were acquired from Nanotesla Institute Ljubljana (Ljubljana, Slovenia). Silica NPs
were dispersed in a solution of citric acid in ethanol at pH 2. Z-average size of silica NPs in
dispersion was 58.6 nm with polydispersity index (PDI) 0.46. PAA NPs were prepared as
described elsewhere [38]. Briefly, cobalt ferrite (Co ferrite) NPs were prepared by co-precipita-
tion [39] and stabilized in water. Alkaline medium was removed and NPs were re-suspended
in distilled water. The process was repeated three times and after the last washing step nitric
acid was added to stabilize NPs in acidic media. NPs were coated in situ with a 45% (m/m)
water solution of polyacrylic acid sodium salt with molecular mass of 8 kDa (Sigma-Aldrich,
St. Luis, Missouri, USA), by mixing 10 ml of ferro fluid and 10 ml of PAA water solution of
equal mass concentrations at 20 mg/ml for 10 min at room temperature. Unbound polyacrylic
acid was removed with dialysis against dH2O. dH2O was replaced every four hours, four times
in total, to ensure removal of unbound polyacrylic acid. Larger aggregates were removed by fil-
tration with Minisart1 filter unit (Sartorius Stedim Biotech, Go¨ttingen, Germany), the size of
pores was 0.20 μm. Z-average size of PAA NPs in dispersion was 116.2 nm with PDI 0.18.
Characterization of NPs
ATR-FTIR spectra of dry samples were recorded on a Bruker FTIR (Fourier Transform Infra-
red Spectroscopy) Alpha Platinum ATR spectrophotometer (Bruker, Billerica, Massachusetts,
USA). Samples were dried on to the surface of the ATR diamond crystal prior to measure-
ments. Dynamic light scattering was measured using Malvern Zetasizer NanoZS (Malvern
Industries, Malvern, UK) with the non-invasive backscatter algorithm. Z-average size, polydis-
persity index (PDI), and hydrodynamic diameter based on number distribution of particles
are reported. Zeta potential was also measured on Zetasizer NanoZS, with disposable folded
capillary cells and the M3-PALS measurements technology. The measurement was conducted
after 5 min of stirring of colloidal suspension in the sample cell. The refractive index of 1.10
was used.
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Corona preparation
FBS (Sigma-Aldrich, St. Luis, Missouri, USA) was used to prepare protein corona of NPs. FBS
was used as supplied stock solution (100% FBS) or diluted ten times (10% FBS) in PBS without
CaCl2 or MgCl2 (Sigma-Aldrich, St. Luis, Missouri, USA). LoBind micro-centrifuge tubes
(Eppendorf, Hamburg, Germany) were used for all experiments. Prior to corona preparation,
we dispersed NPs to a final concentration of 1 mg/ml in the four analysed media: PBS (Sigma-
Aldrich, St. Luis, Missouri, USA), 0.9% (m/v) NaCl (B Braun, Melsungen, Germany), RPMI
(Gibco Laboratories, Gaithersburg, Maryland, USA) or dH2O. The pH of dispersion media
was held constant for all experiments. Properties of dispersion media are reported in Table 1.
Dispersions were vortexed and incubated for 5 min at room temperature. Afterwards, 100 μl
of NPs dispersion (containing 100 μg of NPs) was added to 1 ml of 100% or 10% FBS, vortexed
and incubated for 1h at 37˚C. FBS-NPs mixtures were transferred to a new microcentrifuge
tube and centrifuged at 15000 × g for 20 min at 4˚C. Supernatants were removed and pellets
dispersed in 1 ml of cold PBS without CaCl2 and MgCl2. This procedure was repeated three
times. Proteins that remained adhered to NPs were considered as their protein corona [40].
Control samples were prepared in identical way with equal volume of dispersion media added
instead of NPs.
Sodium dodecyl sulphate polyacrylic gel electrophoresis (SDS-PAGE)
After the last centrifugation we removed supernatants and added 100 μl of non-reducing
sodium dodecyl sulphate (SDS) sample buffer (10% (m/v) SDS, 25% (v/v) glycerol, 0.5% (m/v)
Bromophenol Blue, 300 Mm TRIS-HCl, pH 8.8). Pellet was dispersed by vortexing and heating
for 5 min at 95˚C. NP-protein complexes were thus shattered and NPs were removed by cen-
trifugation at 15000 × g for 20 min. The proteins that remained associated with NPs were con-
sidered as components of protein corona. Pierce™ 660 nm protein assay (Pierce Biotechnology,
Rockford, Illinois, USA) was used for total protein quantitation. The absorbance of the parti-
cle-free and serum-free control was subtracted from the samples and total protein concentra-
tion was calculated relative to the bovine serum albumin standard. Aliquots of 20 μl were
loaded on 10% (m/v) SDS-polyacrylamide gel in SDS running buffer (10 g SDS, 30.3 g TRIS,
144 g glycine in 10 l of dH2O) and resolved at 195 V. After electrophoresis, the gels were
stained with AgNO3 and developed using Na2CO3.
Mass spectrometry
Protein identification was performed by mass spectrometry (MS) analysis [25]. Selected pro-
tein bands, found exclusively in samples containing NPs, were manually excised from the
SDS-PAGE gel. Spots were dissected to smaller pieces and de-stained with 1:1 volume ratio of
30 mM potassium ferricyanide and 100 mM sodium thiosulfate solution. Gel pieces were incu-
bated in 200 mM NH4HCO3 solution for 20 min, washed two times with LC-MS Ultra CHRO-
MASOLV1 water (Sigma-Aldrich, St. Luis, Missouri, USA), and dehydrated by covering with
100% acetonitrile. Reduction of proteins was performed with 10 mM dithiothreitol solution at
56˚C for 45 min and alkylated by 55 mM iodoacetamide at room temperature for 30 min.
Alkylation was stopped by addition of 25 mM NH4HCO3. Proteins were digested in gel with
the MS grade modified trypsin (Sigma-Aldrich, Sigma-Aldrich, St. Luis, Missouri, USA) in 25
mM NH4HCO3 at 37˚C overnight. Resulting peptides were extracted with 50% (v/v) acetoni-
trile / 5% (v/v) formic acid and concentrated in vacuum to 10 μL. Extracts were purified on
StageTips C18 (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) according to the
manufacturer’s instructions and analysed using an electrospray ionization (ESI) ion trap-MS
(MSD Trap XCT Plus, Agilent, USA) as described in Leonardi et al. [41].
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Data analysis
DLS measurements were performed by twenty consecutive runs on individual sample, 30 sec-
onds each. Zeta potential was measured by automatically determined number of consecutive
runs. Z-average size, PDI, hydrodynamic diameter based on number distribution of particles
and zeta potential with standard deviation are reported. Two sided Student’s t test with 0.95
confidence level was used to test for statistical significance. Liquid chromatography-ESI-MS
spectral data, obtained as Mascot generic files (mgf), were analysed in the SwissProt database
using the in-house Mascot search engine with following parameters: two miss cleavages were
allowed, peptide and fragment mass tolerance of ±1.2 and ±0.6 Da, carboxyamidomethylcys-
teine (C) as fixed modification and oxidized methionine as variable. The results were validated
using Scaffold 2 software (Proteome Software, Portland, Oregon, USA). Two sided Student’s t
test with 0.95 confidence level with Hochberg-Benjamini correction was used to compare
protein composition of samples prepared in PBS, NaCl and RPMI-1640 (separately for 10%
and 100% FBS) to samples prepared in dH2O (separately for 10% and 100% FBS). Samples
obtained from silica NPs and PAA NPs were analysed separately. Spectral counts matching to
a protein are an indicator of its amount in a given sample [42]. Spectral counts were used to
calculate relative protein abundance in each sample using the following formula:
RPAk ¼
SCk
PN
i¼1
SCi
 100 ; ð1Þ
where RPAk is the relative abundance of the protein “k”, SCk is spectrum count for protein “k”
and
XN
i¼1
SCi is the sum of spectral counts in sample containing “N” proteins [17]. The sum
of relative protein abundances of all proteins over a given sample is 100%.
Gene ontology (GO) annotation was acquired from UniProt knowledge database. Molecu-
lar masses and theoretical isoelectric points (pI) of proteins were calculated using Compute pI/
Mw tool from the ExPASy portal. Data analysis was performed in R software environment
(version 3.2.2). Experiments were done in three independent replicates if not stated otherwise.
Results
Characterization of NPs
PAA NPs with the Z-average diameter of 116.2 nm and zeta potential of -59 ± 4 mV (in dH2O)
were prepared in dH2O and dried on to the surface of the ATR diamond crystal prior to
ATR-FTIR measurements [43]. ATR-FTIR spectra of cobalt ferrite NPs (Co ferrite NPs) PAA,
PAA NPs, and silica NPs measured between 600 and 4000 cm-1 are shown in Fig 1A. ATR-
FTIR spectra of Co ferrite NPs, PAA and PAA NPs confirmed successful coating of cobalt
ferrite with polyacrylic acid (Fig 1B). In ATR-FTIR spectrum of PAA (Fig 1B, red line), the
Table 1. Characteristics of the media used to disperse PAA NPs and silica NPs.
Dispersion media pH Ionic strength [mM] Osmotic concentration [mOsm/L] Conductivityb [mS/cm]
dH2O 7.0 ± 0.4 0.0 0.0 0.1
PBS 7.3 ± 0.3 166.0 287–309a 15.6
NaCl 7.0 ± 1.1 154.0 308 15.1
RPMI 7.2 ± 0.2 NA 246–306a 12.5
a Reported by the manufacturer
b Measured on Zetasizer NanoZS
doi:10.1371/journal.pone.0169552.t001
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absorption bands at 1648, 1542, and 1401 cm-1 (Fig 1B, red line) are shifted to 1632, 1537, and
1392 cm-1 upon coating to cobalt ferrite NPs (Fig 1B, blue line). This indicates binding of the
deprotonated form of PAA to the NPs, which is additionally confirmed by the difference in
wave numbers of other characteristic absorptions (Fig 1B) [43]. Silica NPs had the Z-average
size of 58.6 nm and were originally stabilised with citric acid and dispersed in ethanol.
Although dried, FTIR spectrum (Fig 1C) showed some residual ethanol with the peak at 3346
cm-1 (O-H stretching) and the peak at 2975 cm-1 (C-H stretching). Citric acid residue was
responsible for peaks at 1648 cm-1 (C = O stretching) and also at 3346 cm-1 (O-H stretching),
while peaks at 1042 cm-1 (Si-O-Si stretching), 968 cm-1 (Si-OH stretching), and 878 cm-1 (Si-O
bending) confirmed the presence of silica.
In Table 2 we can see that there was no significant differences in size of PAA NPs between
dispersion media (PBS, RPMI, NaCl), the Z-average size of PAA NPs was scattered around
Fig 1. FTIR measurements. Samples were dried on the diamond crystal from solutions/dispersions prior to ATR-FTIR measurements. A: ATR-FTIR
spectra of cobalt ferrite NPs (Co ferrite NPs), PAA, PAA NPs and silica NPs. B: ATR-FTIR spectra of cobalt ferrite NPs (Co ferrite NPs), PAA, and PAA
NPs in the 1900–900 cm-1 region. C: ATR-FTIR spectrum of silica NPs in the 4000–600 cm-1 region.
doi:10.1371/journal.pone.0169552.g001
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180.4 nm (± 55.7 nm). The formation of protein corona in 10% FBS had not significantly
changed the Z-average size of the PAA NPs. On the other hand, NaCl, PBS and RPMI reduced
zeta potential from -59 ± 4 mV in dH2O to an average of -29 ± 2 mV in the other three media.
Additional protein coating formed in 10% FBS further reduced zeta potential to an average of
-16 ± 3 mV, regardless of the dispersion media. The Z-average size of silica NPs was higher in
all four dispersion media compared to Z-average diameter of silica NPs dispersed in ethanol.
High Z-average size and PDI values indicated agglomeration of silica NPs in all four dispersion
media used. Moreover, zeta potential values are in agreement with this observation. Measured
Z-average sizes in 10% FBS were lower for all dispersion media except for distilled water.
Absolute zeta potential values were higher when measured in 10% FBS compared to measure-
ments taken in media without FBS. It should be noted that PDI values were quite high (> 0.2),
indicating instability of NPs dispersed in different media. This made size values very hard to
interpret.
Analysis of NPs protein corona with SDS-PAGE
As described in the Methods section, NPs were dispersed in four different media: PBS, NaCl,
RPMI and dH2O. Properties of the media are given in Table 1. Protein corona was formed by
exposure of NPs to FBS at two different concentrations: 10% and 100% stock solution. After
the separation of NPs from FBS, proteins were separated from NPs by exposure to SDS and
heat (95˚C, 5 min), followed by subsequent centrifugation. Afterwards, proteins were sepa-
rated on 10% SDS-PAGE gel under non-reducing conditions (Fig 2). Despite the three
Table 2. Characterization of PAA NPs and silica NPs in different dispersion media with or without 10% FBS. Z-average size, hydrodynamic diameter,
PDI values, and zeta potential are presented. Statistically significant differences determined for different media compared to samples in dH2O are denoted
with an asterisk.
Dispersion media Z-average size (nm) Hydrodynamic diameter (nm)c PDI Zeta potential ±SD (mV)
PAA NPs dH20 116.2 55.5 0.18 -59 ± 4a
PBS 206.4 50.4 0.69 -27 ± 1*
NaCl 242.9 75.6 0.53 -31 ± 2*
RPMI 156.1 42.4 0.72 -27 ± 2*
dH20 + 10% FBS 167.4 77.0 0.19 -17 ± 3b
PBS + 10% FBS 237.6 35.5 0.88 -16 ± 4*
NaCl + 10% FBS 249.1 49.9 0.49 -16 ± 3*
RPMI + 10% FBS 191.5 55.6 0.59 -14 ± 3*
silica NPs ethanol 58.6 22.0 0.46 NA
dH20 660.6 190.0 0.76 5 ± 9
PBS 1556.0 141.0 1.00 -4 ± 0
NaCl 2556.0 712.0 0.86 -1 ± 0
RPMI 1619.0 295.0 1.00 -3 ± 0
dH20 + 10% FBS 1489.0 10.0 0.99 -7 ± 0
PBS + 10% FBS 32.0 6.5 0.33 -10 ± 0
NaCl + 10% FBS 677.7 7.5 0.71 -9 ± 0
RPMI + 10% FBS 286.9 6.5 0.49 -7 ± 0
10% FBSd 88.8 8.7 0.17 -7 ± 0
a,b Samples used for statistical comparison
* Statistical significance determined by two-sided Student’s t test (p<0.05)
c Based on the particle number distribution
d Without NPs
doi:10.1371/journal.pone.0169552.t002
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washing steps, some proteins were still detected in control samples, where NPs were not pres-
ent (lanes denoted by subtraction symbol), due to adhesion to plasticware. Nonetheless,
SDS-PAGE showed the presence of proteins interacting exclusively with PAA or silica NPs,
compared to controls. However, results as presented in Fig 2 did not reveal any visible differ-
ences in the protein corona composition between the same NPs dispersed in different media.
Also, the concentration of FBS used to prepare the corona seemed to have no obvious effect on
Fig 2. Analysis of NPs protein corona using SDS-PAGE. PAA (A) and silica (B) NPs were dispersed in different media (dH2O, NaCl, PBS, RPMI)
and incubated for 1 h in 10% or 100% FBS. Samples denoted with (+) contained PAA (A) or silica (B) NPs. In samples without NPs (-) were the proteins
which adhered to plastic despite thorough washing. Only the bands that were different in respective test and control sample (mobbed red) were
excised and analysed by MS. M denotes lanes loaded with molecular mass standards. Molecular mass is given in kDa.
doi:10.1371/journal.pone.0169552.g002
Dispersion Media Determines Composition of Protein Corona
PLOS ONE | DOI:10.1371/journal.pone.0169552 January 4, 2017 8 / 21
corona composition. In order to confirm results from SDS-PAGE, we identified the proteins
of each sample separately by MS. To avoid misleading results, we analysed only the protein
bands that clearly differed between the samples or were not present in the controls.
Characterisation of NPs protein corona
Composition of NPs protein corona was analysed by MS. A complete list of identified proteins,
their calculated pIs, molecular masses and biological functions are listed in Table 3. Relative
amounts of corona proteins in different NP formulations are shown in Figs 3 and 4. Differ-
ences in relative protein representation in coronas of PAA and silica NPs dispersed in different
dispersion media (dH2O, NaCl, PBS, RPMI) and incubated in different concentrations of
FBS (10 and 100%) are obvious. Serum albumin (ALBU_BOVIN) and α-1-antiproteinase
(A1AT_BOVIN) were the only two proteins found in all samples. The hemoglobin fetal sub-
unit β (HBBF_BOVIN) was found in all samples but in the sample with PAA NPs prepared in
dH2O and incubated in 10% FBS, while α-2-HS-glycoprotein (FETUA_BOVIN) was absent
only in the sample with PAA NPs prepared in NaCl and incubated in 10% FBS. Independent
of the media and FBS concentration during the preparation of the NPs samples, α-S2-casein,
β-casein, κ-casein, collagen α-1(II) chain, plasma serine protease inhibitor, kininogen-1, β-lac-
toglobulin, sulfhydryl oxidase 1, serotransferrin and lactotransferrin were found only in sam-
ples prepared with PAA NPs. Proteins characteristically associated only with the silica NPs
coronas, independent of the media and FBS concentration for their preparation, were AMBP,
apolipoprotein A-II, complement factor H, complement C3 and C4, cystatin C, α-fetoprotein,
inter-α-trypsin inhibitor heavy chain H4, plasminogen and transthyretin. Interestingly, com-
plement C4 (CO4_BOVIN) was present exclusively in the corona of silica NPs prepared in
100% FBS, no matter which media was used in the process. There were no proteins exclusive
for the particular type of dispersion media used to prepare NPs. However, there were substan-
tial differences in relative amount of individual proteins found in corona of NPs dispersed in
different media.
In the corona of PAA NPs, the largest differences in relative protein abundance were found
in the case of serum albumin (ALBU_BOVIN) and α-1-antiproteinase (A1AT_BOVIN) which
were also the most abundant proteins in the corona of PAA NPs. The third most abundant
protein in PAA NP coronas was the hemoglobin fetal subunit β (HBBF_BOVIN) while factor
XIIa inhibitor (F12AI_BOVIN) was the fourth most abundant protein. The medium that
mostly affected the changes in relative abundances of these proteins in the corona of PAA NPs
was NaCl. Markedly, the addition of NaCl to dispersion media also increased the ratio of α-
S1-casein (CASA1_BOVIN) and β-casein (CASB_BOVIN) in PAA NP coronas.
Furthermore, quantitative protein ratios in coronas of silica NPs were not the same as in
coronas of PAA NPs. Serum albumin (ALBU_BOVIN) was on average the most abundant
protein also in coronas of silica NPs while the second most abundant protein in these kind of
NPs was hemoglobin fetal subunit β (HBBF_BOVIN). Apolipoprotein A-I (APOA1_BOVIN)
was the third most abundant protein on average, but, interestingly, also the second most vari-
able protein in coronas of alternatively prepared silica NPs. The protein that also importantly
contributed to silica NPs protein corona composition was α-1-antiproteinase (A1AT_BO-
VIN). The influence of the type of dispersion media on the corona composition is obviously
more complex in the case of silica NPs than at PAA NPs.
Properties of identified proteins
To further understand the differences in protein corona composition of PAA and silica NPs
dispersed in different media, we compared theoretical pIs and GO descriptions of proteins in
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protein corona (Table 3). In Fig 5 we show the distribution of proteins, constituents of alterna-
tively prepared NP coronas, according to their theoretical pI. Majority of proteins (55–80%)
found in coronas of PAA and silica NPs were negatively charged at the physiological pH.
Indicatively, more positively charged proteins were found in coronas of PAA NPs (Fig 5A and
5B) than of silica NPs (Fig 5C and 5D). In the case of PAA NPs, type of dispersion media and
serum concentration evidently directed the composition of protein corona (Fig 5A and 5B).
Table 3. List of serum proteins found in the corona of PAA and silica NPs.
Protein
accession
Theoretical
pI
Molecular mass
(Da)
Protein name Biological
process
Molecular function
A1AT_BOVIN 5.98 43693.91 α1-antiproteinase Protein inhibition Endopeptidase inhibitor
ALBU_BOVIN 5.60 66432.96 Serum albumin Transport Binds water, cations, fatty acids, hormones,
bilirubin and drugs
AMBP_BOVIN 5.26 16197.25 Protein AMBP† Protein inhibition Serine protease inhibitor
ANGT_SHEEP 6.56 49080.32 Angiotensinogen Hemostasis Regulator of blood pressure
APOA1_BOVIN 5.36 27549.08 Apolipoprotein A-I Transport Cholesterol transport
APOA2_BOVIN 5.34 8722.76 Apolipoprotein A-II† Transport Lipid binding; antimicrobial activity
CASA1_BOVIN 4.91 22974.87 α-S1-casein Transport Calcium phosphate transport
CASA2_BOVIN 8.34 24348.55 α-S2-casein* Transport Calcium phosphate transport
CASB_BOVIN 5.13 23583.29 β-casein* Transport Calcium ion transport
CASK_BOVIN 5.93 18974.42 κ -casein* Tissue
structuring
Identical protein binding
CFAH_BOVIN 6.33 138259.19 Complement factor H† Immune system Complement activation (alternative pathway)
CO2A1_HUMAN 9.14 96052.84 Collagen α-1(II) chain* Tissue
structuring
Extracellular matrix structural constituent
CO3_BOVIN 6.37 185047.41 Complement C3† Immune system Complement system activation
CO4_BOVIN 5.55 67995.42 Complement C4† Immune system Propagation of the classical complement
pathway
CYTC_BOVIN 9.03 13412.30 Cystatin-C† Protein inhibition Endopeptidase inhibitor activity
F12AI_BOVIN 6.08 49273.26 Factor XIIa inhibitor Hemostasis Serine protease inhibitor
FETA_BOVIN 5.92 66412.03 α-fetoprotein† Transport Binds copper, nickel, and fatty acids
FETUA_BOVIN 5.10 36353.24 α-2-HS-glycoprotein Immune system Cysteine-type endopeptidase inhibitor
activity
HBA_BOVIN 8.19 15053.18 Hemoglobin subunit α Transport Oxygen transporter activity
HBA_HUMAN 8.73 15126.36 Hemoglobin subunit α Transport Oxygen transporter activity
HBBF_BOVIN 6.51 15859.23 Hemoglobin fetal subunit β Transport Oxygen transporter activity
IPSP_BOVIN 9.12 42495.23 Plasma serine protease
inhibitor*
Transport Heparin binding; retinoic acid binding
ITIH4_PIG 6.35 99349.79 Inter-α-trypsin inhibitor heavy
chain H4†
Immune system Protease inhibitor
KNG1_BOVIN 6.05 66845.54 Kininogen-1* Hemostasis Endopeptidase inhibitor activity
LACB_BOVIN 4.83 18281.21 β-lactoglobulin* Transport Retinol binding
PLMN_BOVIN 7.39 88393.49 Plasminogen† Hemostasis Dissolves fibrin
QSCN6_HUMAN 9.05 79578.10 Sulfhydryl oxidase 1* Hemostasis Oxidation of sulfhydryl groups in peptide and
protein thiols
TRFE_BOVIN 6.50 75829.68 Serotransferrin* Transport Ferric iron binding
TRFL_BOVIN 8.67 76143.90 Lactotransferrin* Transport Ferric ion binding
TTHY_BOVIN 5.91 13557.31 Transthyretin† Transport Thyroid hormone binding
Protein accessions are alphabetically ordered. Proteins present exclusively in the corona of PAA NPs are designated by * while those present exclusively in
the corona of silica NPs by †.
doi:10.1371/journal.pone.0169552.t003
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Fig 3. Relative abundance of proteins identified in samples of PAA NPs dispersed in different media. PAA NPs were dispersed in
different media and incubated for 1h in 10% or 100% FBS. Proteins were separated from NPs, analysed on SDS-PAGE and identified by
MS. Spectral counts were used as a measure of individual protein in a sample. Legend is further explained in Table 3. The differences in
protein corona composition of PAA NPs dispersed in PBS, NaCl and RPMI-1640 were significant compared to protein corona of PAA NPs
dispersed in dH2O (p < 0.05).
doi:10.1371/journal.pone.0169552.g003
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Fig 4. Relative abundance of proteins identified in samples of silica NPs dispersed in different media. Silica NPs were dispersed in
different media and incubated for 1h in 10% or 100% FBS. Proteins were separated from NPs, analysed on SDS-PAGE and identified by
MS. Spectral counts were used as a measure of individual protein in a sample. Legend is further explained in Table 3. The differences in
protein corona composition of silica NPs dispersed in PBS, NaCl and RPMI-1640 were significant compared to protein corona of silica NPs
dispersed in dH2O (p < 0.05).
doi:10.1371/journal.pone.0169552.g004
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Theoretical pIs of proteins detected in the coronas of silica NPs are much less dependent on
conditions under which coronas were formed (Fig 5C and 5D).
Molecular function of individual proteins and biological processes where these proteins are
involved were obtained from UniProt database (Table 3). Proteins were grouped according to
five major GO biological processes: hemostasis, immune system, protein inhibition, tissue
structuring and transport. In Fig 6 we display the distribution of proteins, constituents of alter-
natively prepared NP coronas, according to participation in the above-mentioned biological
processes. Transport was the process in which the majority of proteins from either PAA or sil-
ica NP coronas were involved, no matter of the type of the dispersion media and FBS concen-
tration used for the preparation of samples. The second most frequent biological process in
which the identified corona proteins were involved is hemostasis in the case of PAA NPs (Fig
6A and 6B) and the immune response in the case of silica NPs (Fig 6C and 6D). Interestingly,
none of silica NPs corona protein belongs among tissue structuring proteins. Such proteins
were however present in most coronas of PAA NPs. The GO profiles of proteins detected in
coronas of PAA NPs were much more dependent on the FBS concentration and the type of
dispersion media used for corona formation (Fig 6) than in the case of silica NPs.
Discussion
In the presented study we tested and confirmed the hypothesis that dispersion media consider-
ably contributes to protein composition of NPs corona. We used two types of NPs: i) magnetic
Fig 5. NPs protein coronas by theoretical pI of their constituting proteins. PAA (A, B) and silica (C, D)
NPs were dispersed in different media and incubated for 1 h in 10% (A, C) or 100% (B, D) FBS. Proteins
constituting NPs coronas were separated by SDS-PAGE and identified by MS. Theoretical pIs were
calculated using Compute pI/Mw tool from the ExPASy portal.
doi:10.1371/journal.pone.0169552.g005
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cobalt-ferrite poly-acrylic acid coated NPs (PAA NPs) as a representative biomedical NPs,
potentially useful for imaging or hyperthermia, and ii) commercially available silica NPs that
are produced on a large scale and are suitable for industrial use (e.g. pigment production,
electronics industry). Silica is also often used as a coating of NPs for biomedical applications
[44,45]. While biomedical NPs are designed for medical use and come in contact with the
human tissues directly, industrial NPs interact with the human organism only unintentionally.
Prior to use, NPs are usually dispersed in some specific type of media [46]. Media chosen
for dispersion of NPs in this study are routinely used in almost all cell culture laboratories
and could potentially be used as dispersion media for NPs used in in vitro experiments. Due
to relevance for in vitro experiments, protein corona was formed by the incubation of NPs in
10% FBS since the same concentration of FBS is often used in cell culturing. Because it was
shown that FBS concentration may affect protein corona composition [47], we also used
100% FBS for comparison. Higher concentration of FBS is also more relevant for physiologi-
cal conditions.
By physico-chemical and proteomic characterization we demonstrated that the type of the
dispersion media used to prepare NPs was relevant for protein corona composition. The
media used for dispersion of PAA NPs had little effect on size of these NPs (Table 2) while
counter ions from complex media like PBS and RPMI significantly decreased absolute value of
the zeta potential from -59 mV to an average of 28 mV due to screening effects. On the other
hand, dispersion media had strong effect on the measurable size values of hydrodynamic units
formed from silica NPs, especially through the effect of agglomeration. Measured low values of
absolute zeta potentials confirmed such conclusions.
When NPs come in contact with proteins, some of the proteins adhere to NPs surface
[9,10]. To demonstrate the effect of proteins on the hydrodynamic diameter and zeta poten-
tial of NPs, we performed the characterization of NPs also after the protein corona formation
Fig 6. NPs protein coronas by Gene Ontology (GO) biological process of constituting proteins. PAA
(A, B) and silica (C, D) NPs were dispersed in different media and incubated for 1h in 10% (A, C) or 100% (B,
D) FBS. Proteins forming corona of NPs were separated by SDS-PAGE and characterized by MS. GO
information was acquired from the UniProt database.
doi:10.1371/journal.pone.0169552.g006
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in 10% FBS. As expected, protein corona formation in 10% FBS increased hydrodynamic
diameter of PAA NPs dispersed in all four media used. More specifically Z-average size was
increased for all four media while when hydrodynamic diameter based on particle number
distribution is analysed, we have obtained decreased values (Table 2). It is important to note
that Z-average size includes information on entire population of measured NPs (including
agglomerates), while number-based hydrodynamic diameter lacks information about small
number of agglomerates that were formed in the presence of FBS. It must be emphasized,
that the differences between samples prepared in different media, compared to samples pre-
pared in dH2O were statistically insignificant and we can only conclude that effect of protein
corona on hydrodynamic size of PAA NPs was small.
Regardless of the media used for dispersion, zeta potential of PAA NPs converged to an
average value of -16 ± 3 mV when proteins were present, which was comparable to our previ-
ous results [48]. Reduced absolute zeta potential was the result of protein corona which
shielded carboxyl groups on the surface of PAA NPs. The final, very similar value of zeta
potential thus demonstrates that zeta potential in media with 10% FBS was dominated by the
presence of strongly charged proteins present in the outer shell due to electrostatic interac-
tions, while in media without FBS the ion composition (i.e. ionic strength, type and concentra-
tion) determined the zeta potential.
From the results of silica NPs characterization in different media, we can conclude that
agglomeration of silica NPs was present. Silica NPs used in this study were prepared for indus-
trial use, which seldom requires stability of dispersed NPs in complex media. Z-average size
and zeta potential results were clearly affected by agglomeration, despite our effort for applying
identical kinetic conditions for each measurement. Consequently, the agglomeration of silica
NPs was even more evident when size and zeta potential of silica NPs were measured in media
with 10% FBS. We also performed measurements in 100% FBS, but clearly the signal of pro-
teins, mostly albumin, dominated all other signals, thus such measurement do not resemble
characteristics of NPs. This effect was already observed for measurements of silica NP-charac-
teristics in 10% FBS (Table 2).
To confirm that proteins adhered to NPs surface and to further analyse them we per-
formed SDS-PAGE analysis. NPs with the adhered material were separated from the disper-
sion solution by centrifugation. The NPs-bound material was desorbed into the SDS-
containing buffer and was analysed with SDS-PAGE [40]. Results shown in Fig 2 confirmed
the presence of proteins in coronas on all tested NPs samples. Surprisingly, despite thorough
washing, highly sensitive silver staining revealed traces of proteins also in control samples to
which NPs were not added. This can be explained by non-specific adherence of proteins to
plastic [49]. Numerous washings of microcentrifuge tubes could reduce this background sig-
nal, but this would also change the profile of protein coronas in samples with NPs. Nonethe-
less, specific protein bands that were present only in samples with NPs confirmed that
protein corona was formed during the incubation of NPs with FBS. Visual comparison of
intensities of protein bands on the gels revealed differences between PAA NPs and silica
NPs. Because we observed differences in band intensities, we also determined total protein
content in our samples. Control samples contained 319.5 ± 99.5 μg of protein per ml (S4
Fig). Differences in the total protein content between silica and PAA NPs prepared in differ-
ent media were insignificant. In general, we can say that PAA NPs bound relatively small
amounts of proteins (S4A Fig), while silica NPs displayed higher protein-binding capacity
(S4B Fig). In accordance with the change in hydrodynamic diameter (Table 2), the amount
of the NPs-attached proteins was the largest when NPs were dispersed in dH2O (S4 Fig). We
can explain such effect by the absence of counter ion layer in water, which reduced electro-
static interactions between NPs and proteins in other media.
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To analyse the NPs protein corona composition even further, we identified individual pro-
teins in the corona of PAA and silica NPs dispersed in different media by MS [25]. Relative
protein abundances calculated from the MS data confirmed that the composition of the corona
clearly depended on the type of NP (Figs 3 and 4). Ten proteins were found exclusively in the
corona of PAA NPs and ten proteins exclusively in the corona of silica NPs (Table 3). Ten pro-
teins were common to coronas of both NPs, out of which four, i.e. serum albumin, α-1-anti-
proteinase, α-2-HS-glycoprotein and hemoglobin fetal subunit β, were detected also in control
samples (S5 Fig). Fraction of the individual proteins found in the corona of PAA and silica
NPs was not equal to the fraction of these proteins in FBS [50]. The concentration of FBS to
which the NPs were exposed also governed the NPs protein corona composition to some
extent. Proteins that were detected in coronas only when the NPs were incubated in 100% FBS
were α-S2-casein, collagen α-1(II) chain, serotransferrrin and lactotransferrin for PAA NPs
and complement C4 for silica NPs. Due to relatively low abundance of those proteins in coro-
nas, we assume that after the exposure of NPs to 10% FBS these proteins simply adhered to
NPs in quantity below the detection limit of our method.
Importantly, protein composition of the corona was the function of the media used for dis-
persion of the NPs in addition to the known dependence on the type of NPs and the FBS con-
centration. Furthermore, it is interesting to note the differences observed in protein corona
composition when comparing more complex PBS and RPMI media versus NaCl and dH2O
media (Figs 3 and 4). It is important to mention that there is a primary corona formed in the
complex media like RPMI composed of macromolecules, small molecules and counter ions
[51]. This consequently leads to at least two effects: i) unspecific effect through the change of
zeta potential (decreased zeta potential due to larger screening effect in RPMI and PBS due to
counter ions) which consequently can influence which proteins will more preferentially bind
when exposed to proteins in serum and ii) the other more specific where there is a possibility
that some specific molecules from so called primary corona of macromolecules can modulate
binding of some specific proteins. However, since the zeta potential was very similar for PAA
NPs dispersed in NaCl, PBS, and RPMI and significantly different for PAA NPs dispersed in
dH2O, while the protein composition patterns (Figs 3 and 4) shows similarity between dH2O
and NaCl and similarity between RPMI and PBS, clearly the change of zeta potential is not
the dominant effect for corona composition. Furthermore, the change in zeta potential mea-
sured in in different media with respect to the pure water correlated with the increasing ionic
strength of the media (Table 1).
Differences in the protein corona composition can be responsible for different effects of
NPs observed in vitro, for example the cellular uptake of NPs [14,30,34]. It is also known from
the previous studies that already a single protein type adhered to NPs surface can trigger bio-
logically-relevant effect such as inflammation [21,23]. Our results revealed that dispersion
media used to prepare NPs determined the protein structure of the corona in qualitative and
quantitative way. In PAA NPs samples, for example, casein proteins were present in coronas
in high quantities only when NPs were dispersed in dH2O or NaCl, but not when NPs were
dispersed in more complex dispersion media, PBS or RPMI, which contained divalent ions
and even macromolecules (RPMI). On the other hand, dispersion of silica NPs in different
media did not substantially changed the profile of proteins bound to their surface, only
the ratios between adhered proteins in individual samples were altered. This effect can be
described as a function of dispersion media composition, i.e. RPMI contains macromolecules
which change the surface of NPs trough electrostatic interactions between NPs and macromol-
ecule surface groups, but the actual mechanisms are not trivial and further research is needed
to explain them in detail.
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Proteins found in the corona of NPs displayed an array of functions and are implicated in
different biological processes. Regardless of dispersion media, FBS concentration and the type
of NPs, the proteins identified in coronas are mainly involved in transport (Table 3 and Fig 6).
Interestingly, there was an important difference between both types of NPs regarding the pres-
ence of immune system-related proteins in their coronas. While PAA NPs bound only one
immune system-related protein, α-2-HS-glycoprotein, corona of silica NPs contained also
three others, complement factor H, complement C3 and complement C4. The latter are all
part of the complex complement system, an important component of the innate immunity
[52]. Relative abundance of complement C3 protein in corona was increased when silica NPs
were dispersed in NaCl, which further implies the relevance of the dispersion media, used
to prepare NPs, for the characteristics of the NPs preparation. There was almost complete
absence of apolipoproteins in the corona of PAA NPs, with the exception of apolipoprotein
A-I found in the corona of NPs dispersed in NaCl. Although there are some implications that
apolipoprotein A-I is connected to bioaccumulation of NPs in cells [7] our PAA NPs were
shown to accumulate in different cell lines despite of the absence of this specific protein in
their corona [38,53]. Again, dispersion media proved to be a relevant factor in determining the
NPs protein corona composition.
Conclusions
In this study we analysed different factors that influenced the composition of protein corona
of NPs. We demonstrated that type of the dispersion media in addition to the selected NPs
type very importantly determines binding of proteins to NPs surface. The type of dispersion
media also importantly dictated the relative abundancies of individual proteins in NPs corona:
patterns were similar for NPs dispersed in dH2O and NaCl or for NPs dispersed in PBS and
RPMI. It is important to note that the protein corona of silica NPs contained three comple-
ment system-related proteins: complement factor H, complement C3 and complement C4.
Although abundancies of those proteins were sometimes relatively small, they could play an
important role in the context of, for example, immune response. We believe that dispersion
media is an important factor to consider in further studies of the protein corona and may also
be acknowledged in retrospective for the studies already performed.
Supporting Information
S1 Fig. TEM micrograph of PAA NPs dispersed in water. Scale bar: 100 nm.
(TIF)
S2 Fig. Analysis of 10% FBS with SDS-PAGE. M denotes the lane loaded with the protein
mass standards (molecular masses are in kDa).
(TIF)
S3 Fig. Relative abundance of proteins identified in individual NP samples. PAA and silica
NPs were dispersed in different media and incubated for 1h in 10% or 100% FBS. Proteins
were separated from NPs, analysed on SDS-PAGE and identified by MS. Spectral counts were
used as a measure of individual protein in a sample. White space indicates the absence of a
protein in a sample. Protein accessions are ordered alphabetically. Accessions are further
explained in Table 1. NPs formulations are coded as: type of NPs—dispersion media—% of
FBS (e.g. PAA—NaCl—100 designates PAA NPs prepared in NaCl and incubated in 100%
FBS).
(TIF)
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S4 Fig. Quantitation of total proteins in individual samples. PAA (A) and silica (B) NPs
were dispersed in different media and incubated for 1h in 10% or 100% FBS. Proteins were
separated from NPs and total protein quantity was measured using Pierce™ 660 nm assay. Data
points are shown in black. Mean values with standard error of the mean from at least three
independent replicates are shown in red. Note that media used for dispersion did not affect
total protein quantity of control samples.
(TIF)
S5 Fig. Percentage of total proteins identified in individual control samples. Dispersion
media without NPs were incubated for 1h in 10% or 100% FBS. Proteins that stayed adhered
to microcentrifuge tube after three washing steps were analysed on SDS-PAGE and identified
with MS. Spectral counts were used as a measure of individual protein in a sample. White
space denotes absence of a protein in a sample. Please note: short names of proteins are
explained in S1 Table. Samples are coded as: dispersion media—% of FBS (e.g. sample NaCl—
100 was prepared with sodium chloride and incubated in 100% FBS).
(TIF)
S6 Fig. Dynamic light scattering results for PAA NPs dispersed in distilled water. Distribu-
tions based on intensity (A), number (B), and volume (C) are shown. This result is based on
twenty consecutive measurements of one sample.
(TIF)
S7 Fig. Dynamic light scattering results for silica NPs dispersed in ethanol. Distributions
based on intensity (A), number (B), and volume (C), are shown. This result is based on twenty
consecutive measurements of one sample.
(TIF)
S1 Table. List of serum proteins found in the control samples. Please note: protein acces-
sions are alphabetically ordered.
(PDF)
S1 Text. Composition of RPMI-1640 media.
(PDF)
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3.2. Vpliv spremenjene sestave proteinske korone na izločanje citokinov IL-6 in 
TNF-α 
3.2.1. Uvod 
V prejšnjem poglavju smo pokazali, da disperzijski medij vpliva na sestavo proteinske 
korone silicijevih in kobalt-feritnih nanodelcev oplaščenih s poliakrilno kislino.64 Nekateri 
raziskovalci predpostavljajo, da sestava proteinske korone vpliva na imunski odziv.45,47,158 
Raziskovanje imunskega odziva je vedno zelo zahtevno in največkrat izvedljivo v omejenem 
obsegu. Preverili smo povezanost spremenjene sestave proteinske korone, ki je posledica 
spremenjenega disperzijskega medija, z izločanjem citokinov IL-6 in TNF-α iz celic celične linije 
humanih monocit THP-1. TNF-α je predstavnik družine dejavnikov tumorske nekroze, ki sproža 
vnetje v endotelijskih celicah in nevtrofilcih ter povzroča povišano telesno temperaturo. Nastaja 
v makrofagih, celicah T in naravnih celicah ubijalkah. IL-6 sproža sintezo proteinov akutne faze in 
spodbuja proliferacijo celic, ki proizvajajo protitelesa. Nastaja v makrofagih, endotelijskih celicah 
in celicah T.113 Pred izpostavitvijo celic nanodelcem, smo v suspenzijah nanodelcev preverili 
prisotnost endotoksinov. 
3.2.2. Materiali in metode 
Celično linijo THP-1 smo kupili od ATCC (ATTC, Manassas, Virginia, ZDA) in jo gojili v 
mediju RPMI-1640 z dodanim 10% FBS in 2 mM glutaminom. Diferenciacijo celic THP-1 v 
makrofagom podobne celice smo sprožili z 72 h izpostavitvijo 162 nM forbol 12-miristrat 13-
acetatu (PMA; Sigma-Aldrich, St Luis, MO, ZDA). Ob diferenciaciji so celice prešle iz suspenzijske 
v pritrjeno kulturo. Celice smo izpostavili silicijevim (SiO2) oziroma kobalt-feritnim (PAA) 
nanodelcem za 24 h pri dveh koncentracijah: 10 in 100 μg/ml. Nanodelci so bili pred inkubacijo 
pripravljeni v štirih različnih medijih: destilirani vodi (dH2O), fosfatnem pufru (PBS), fiziološki 
raztopini (NaCl) in v celičnem mediju RPMI-1640 brez FBS (RPMI). Pred poskusi na celicah THP-1 
smo z uporabo testa LAL (PYROGENT™ Plus Gel Clot LAL Assays, Lonza Group Ltd, Basel, Švica) 
po navodilih proizvajalca določili morebitno prisotnost endotoksina v založnih suspenzijah 
nanodelcev. Ta je bila v vseh primerih nižja od 0,5 EU/ml. Encimsko imunski test ELISA 
(Affymetrix eBioscience Inc., Atlanta, GA, ZDA) smo uporabili za detekcijo citokinov IL-6 in TNF-
α. ELISO smo izvedli po navodilih proizvajalca, za pozitivno kontrolo (PK) smo uporabili 
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lipopolisaharid s koncentracijo 100 ng/ml, za negativno kontrolo (NK) pa celični medij brez 
nanodelcev. Vse poskuse smo izvedli v najmanj treh neodvisnih ponovitvah. 
3.2.3. Rezultati in razprava 
Rezultati, kljub manjšim nihanjem, ne kažejo na povezanost sestave proteinske korone 
nanodelcev s sproščanjem citokinov TNF- α in IL-6 (slika 3 in 4). Koncentracije citokina IL-6 se 
gibljejo med 0 in 5 pg/ml, citokina TNF-α pa med 0 in 60 pg/ml. Pri kobalt-feritnih nanodelcih 
oplaščenih s poliakrilno kislino, dispergiranih v vodi, smo izmerili največji koncentraciji obeh 
citokinov. Iz rezultatov ne moremo sklepati na popolno odsotnost vpliva sestave proteinske 
korone na izločanje drugih citokinov, še težje na splošen imunski odziv. Lahko pa sklepamo, da 
ne glede na disperzijski medij, omenjena tipa nanodelcev nista sprožila močnega odziva celic 
THP-1, ker bi se to zelo verjetno kazalo na povečanem izločanju testiranih citokinov. Za 
dokončno razumevanje povezave med spremenjeno proteinsko korono in sproščanjem 
citokinov bi morali testirati večje število nanodelcev in meriti več citokinov. Natančen pregled 
literature na to temo sledi v predzadnjem poglavju, kjer smo na podlagi rezultatov obstoječih 
študij natančno analizirali povezavo med izločanjem citokinov in proteinsko korono in vitro ter v 
zadnjem poglavju, kjer analiziramo lastne rezultate pridobljene v kasnejši študiji. 
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Slika 3. Koncentracija citokina IL-6 v supernatantu celic THP-1, ki so bile izpostavljen silicijevim (SiO2) 
oziroma kobalt-feritnim nanodelcem oplaščenim s poliakrilno kislino (PAA) pri koncentracijah 10 in 
100 μg/ml. Nanodelci so bili pred inkubacijo pripravljeni v štirih različnih medijih: destilirani vodi 
(dH2O), fosfatnem pufru (PBS), fiziološki raztopini (NaCl) in v celičnem mediju RPMI-1640 brez FBS 
(RPMI). Prikazani so rezultati reprezentativnega poskusa s standardno napako treh tehničnih 
ponovitev. 
 
Slika 4. Koncentracija citokina TNF-α v supernatantu celic THP-1, ki so bile izpostavljen silicijevim (SiO2) 
oziroma kobalt-feritnim nanodelcem oplaščenim s poliakrilno kislino (PAA) pri koncentracijah 10 in 
100 μg/ml. Nanodelci so bili pred inkubacijo pripravljeni v štirih različnih medijih: destilirani vodi 
(dH2O), fosfatnem pufru (PBS), fiziološki raztopini (NaCl) in v celičnem mediju RPMI-1640 brez FBS 
(RPMI). Prikazani so rezultati reprezentativnega poskusa s standardno napako treh tehničnih 
ponovitev.   
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3.3. Članek 2: Stresni odziv celic na izpostavitev dvema tipoma polimerno 
oplaščenih kobalt-feritnih nanodelcev 
 
Cell stress response to two different types of polymer coated cobalt ferrite nanoparticles 
Jasna Lojka, Klemen Strojana, Katarina Mišb, Vladimir B. Bregara, Iva Hafner Bratkovičc,d, Maruša 
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Objavljeno v Toxicology Letters 270: 108-118, 2017 
 
Povzetek: Potencialna toksičnost nanodelcev je eden izmed ključnih problemov, ki omejujejo 
njihovo uporabo. Pri načrtovanju nanodelcev za biomedicinske in biotehnološke aplikacije je 
torej ključno razumevanje mehanizmov toksičnosti. V tej študiji smo analizirali stresni odziv 
primarnih humanih mioblastov (MYO) in mišje melanomske celične linije B16 na kobalt-feritne 
nanodelce oplaščene s poliakrilno kislino (PAA) oziroma polietileniminom (PEI). Negativno nabiti 
PAA nanodelci niso sprožili citotoksičnosti in nastanka reaktivnih kisikovih zvrsti (ROS) ter niso 
aktivirali transkripcijskega faktorja NF-κB v nobeni celični liniji kljub visokim koncentracijam (100 
μg/ml). Nasprotno so pozitivno nabiti PEI nanodelci sprožili koncentracijsko odvisno celično smrt 
in povečali nastanek ROS že pri zelo nizkih koncentracijah (>4 μg/ml). Pozitivno nabiti PEI 
nanodelci so po 15-30 min inkubacije aktivirali receptor TLR-4 in sprožili aktivacijo NF-κB v 
celicah MYO. Nasprotno, ob izpostavitvi celične linije B16 PEI nanodelcem nismo zaznali 
aktivacije NF-κB. 
Avtorjev prispevek k delu: sodelovanje pri zasnovi študije, sodelovanje pri izvedbi poskusov, 
analiza podatkov in sodelovanje pri pisanju članka.  
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 Polyethylenimine (PEI) coated nanoparticles induce dose dependent necrotic cell death in the ﬁrst 24 h of incubation.
 PEI NPs induce reactive oxygen species at higher (>6 mg/ml) nanoparticle concentrations, which coincides with increasing cell death.
 PEI NPs induce activation of NF-kB transcription factor 30 min after incubation in primary human myoblasts but not B16 mouse melanoma cell line.
 The NF-kB activation in MYO cells was most probably mediated through activation of TLR4 receptor.
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A B S T R A C T
Potential nanoparticle (NP) toxicity is one of crucial problems that limit the applicability of NPs. When
designing NPs for biomedical and biotechnological applications it is thus important to understand the
mechanisms of their toxicity. In this study, we analysed the stress responses of previously designed
polyacrylic acid (PAA) and polyethylenimine (PEI) coated NPs on primary human myoblasts (MYO) and
B16 mouse melanoma cell line. Negatively charged PAA did not induce cell toxicity, reactive oxygen
species (ROS) or activate the transcription factor NF-kB in either cell line even at high concentrations
(100 mg/ml). On the other hand, positively charged PEI NPs induced a concentration dependent necrotic
cell death and an increase in ROS following 24 h incubation already at low concentrations (>4 mg/ml).
Moreover, PEI NPs induced NF-kB activation 15–30 min after incubation in MYO cells, most probably
through activation of TLR4 receptor. Interestingly, there was no NF-kB response to PEI NPs in B16 cells.
© 2017 Elsevier B.V. All rights reserved.
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Nanoparticles (NPs), with their small size and related proper-
ties, have emerged as potent, multifunctional platforms that
enabled new advances in biomedicine as well as development of
new in vivo and in vitro biotechnological applications (Pankhurst
et al., 2003 Zhu and Liao, 2015). Many new NP formulations have
been proposed and several also found their way in clinical trials
with some already approved by FDA (Bobo et al., 2016). Super-
paramagnetic iron oxide (SPIO) NPs have been widely used in
magnetic resonance imaging (MRI) and other imaging techniques
as contrast agents due to their ability to reduce the T2 signals of
absorbing tissues. Numerous studies have thus focussed on the
J. Lojk et al. / Toxicology Letters 270 (2017) 108–118 109surface functionalization of NPs to improve their biocompatibility,
in vivo distribution and targeting as well as their applicability for
gene and drug delivery, imaging and tracking (Chomoucka et al.,
2010; Jin et al., 2014; Ulbrich et al., 2016). However, despite
thorough testing, some NP-based drugs are still being retracted
from the trials and market due to toxicity problems (Fröhlich,
2012).
NP toxicity is one of crucial problems to consider when
evaluating the potential of a new NP formulation for biotechno-
logical and biomedical applications (De Jong and Borm, 2008). NP
formulations have to be biocompatible and are normally designed
to avoid causing adverse effects, but in certain cases, their
functionality, degradation products or even the presence itself
can affect the normal cell behaviour and homeostasis (De Jong
et al., 2013; Kittler et al., 2010). NPs can induce cell stress through
several different mechanisms, depending on their physicochemical
properties such as size, shape, surface charge and surface
chemistry, but their toxicity also depends on the properties of
the cell type (Fröhlich et al., 2012).
Several different polymer and polymer-coated NPs have already
been proposed for biomedical and biotechnological applications.
The majority of FDA approved iron oxide NPs are coated with
hydrophilic polymers (e.g. dextran, chitosan, sorbitol), which
provide slow dissolution of iron following intravenous injection
(Bobo et al., 2016). Frequently used coating is also polyethylene
glycol (PEG) due to its ability to reduce uptake of NPs by the
reticuloendothelial system and increase circulation time by
reducing the formation of protein corona (van Vlerken et al.,
2007). Due to their desirable biocompatible and biodegradable
properties, poly(D,L-lactide-co-glycolide) (PLGA), polyvinyl alco-
hol (PVA), polylactic acid (PLLA) and several other polymers and
polymer conjugates have also been used as a coating for magnetic
NPs (Ulbrich et al., 2016). The polymer must be carefully selected to
achieve a balance between applicability and its biocompatibility.
Polyacrylic acid (PAA) is an anionic biocompatible polymer with
carboxylic groups that allow further functionalization. PAA has
already been used as a coating for magnetic NPs either alone
(Couto et al., 2014; Hajdú et al., 2012; Ma et al., 2009; Padwal et al.,
2014) or with additional modiﬁcations (Rutnakornpituk et al.,
2011; Vasi et al., 2014; Xu et al., 2013) and has shown both good
biocompatibility (Couto et al., 2015; Hajdú et al., 2012; Vasi et al.,
2014), as well as negative effects like induction of oxidative burst
and apoptosis in neutrophils (Couto et al., 2014), acute effect on the
cardiovascular function in mice (Iversen et al., 2013) and
thrombolysis in an embolic rate model (Ma et al., 2009). Our
PAA NPs have been shown to be short term non-toxic and
accumulate in cells in high concentrations, which makes them
suitable for applications of cell labelling, cell tracking, magnetic
separation and visualization using different imaging techniques
(Lojk et al., 2015a).
On the other hand, polyethylenimine (PEI) is a polycationic
polymer most frequently used for transfection protocols. As such,
PEI coated NPs have the ability to damage the lysosomes and are
thus used for applications that require delivery into the cytosol,
such as chemical transfection (Nimesh et al., 2006), magneto-
fection (Plank et al., 2011) and drug delivery (Sun et al., 2012),
although PEI toxicity still represents a major obstacle for its use. PEI
NPs induce concentration dependent membrane damage, necrosis,
lysosomal damage and release of lysosomal content, which can
trigger apoptosis (Parhamifar et al., 2010). It is of great importance
to know the effects of individual polymer-coated NPs on different
mammalian cell lines when designing NP-based formulations.
Most frequently reported mechanisms of NPs cytotoxicity are
membrane damage, induction of reactive oxygen species (ROS),
genotoxicity, interference with cell cycle progression, autophagy
and lysosomal dysfunction and several other mechanisms, whichcan also result in cell death through apoptosis or necrosis (Fröhlich,
2013). Moreover, NPs can activate the immune system (Dobro-
volskaia et al., 2016) and induce activation of different stress and
immune response related transcription factors (Hussain et al.,
2014). Determining the cause of observed NP toxicity can thus be
challenging, since cell responses are highly intertwined. ROS
induction, for example, can be a consequence of ROS formation on
NP surface, or ROS can be the product of cell’s stress induced
changes in metabolism, mitochondrial damage (Fu et al., 2014)
and/or activation of various stress response pathways, such as
nuclear factor kB (NF-kB) response (Capasso et al., 2014; Liu and
Sun, 2010; Shi et al., 2014). NF-kB is a central regulator of
immunity, inﬂammation and cell survival, which is believed to be
the key suppressor of ROS induced apoptosis (Sakon et al., 2003) as
well as the negative regulator of oxidant activity through activation
of several antioxidant target genes (Bubici et al., 2006).
Thorough analysis of possible mechanisms of NP cytotoxicity is
essential for optimization of the application protocols as well as for
interpretation of obtained results. The purpose of this study was to
analyse the toxicity mechanisms of PAA or PEI coated cobalt ferrite
magnetic NPs (Bregar et al., 2013; Lojk et al., 2015a; Pavlin and
Bregar, 2012) developed for biotechnological applications. PAA
coating of NPs enables high intracellular loading with relatively
low toxicity, and can thus be applied for applications as cell
labelling, separation and hyperthermia, while PEI coating is more
appropriate for DNA and drug delivery to cytosol, since it can
induce lysosomal leakage. We analysed the potential toxicity of
these NP formulations through analysis of ROS induction, NF-kB
activation and cell death. The experiments were performed on
mouse melanoma B16 cell line as an example of cancerous cells
and on primary human myoblasts (MYO) as an example of healthy,
non-transformed cells, with lower proliferation and metabolic
rate, thus observing two cell models with different physiology and
ability to interact with NPs. The cancer cell lines was chosen since
many NP applications target speciﬁcally cancer cells. On the other
hand, in order to understand potential cytotoxicity and immuno-
genicity of NPs it is important to analyse the effects on primary
human cell types.
2. Material and methods
2.1. Nanoparticle synthesis and characterization
Cobalt ferrite CoFe2O4 (Co-ferrite) NP cores were prepared by
co-precipitation method as described previously (Bregar et al.,
2010; Campelj et al., 2008). NPs were coated in situ with 45% (w/w)
water solution of negatively charged polyacrylic acid (sodium salt)
(PAA) with molecular weight of 8 kDa (Sigma-Aldrich, St. Louis,
MO) (Campelj et al., 2008; Pavlin and Bregar, 2012). To obtain PEI
coated NPs, PAA coated NPs were additionally functionalized with
25 kDa branched polyethylenimine (PEI) (Sigma-Aldrich) (Prijic
et al., 2012).
For size characterization of NPs we used dynamic light
scattering (DLS) with NIBS 173 Backscatter algorithm and zeta
potential measurements (Malvern Zetasizer Nano ZS, Malvern
Industries, Worcestershire, UK).
To determine the presence of endotoxins (lipopolysaccharide;
LPS) in our NP formulations, gel-clot LAL assay (Limulus amebocyte
lysate assay) (Lonza, Basel, Switzerland) was performed following
manufacturer’s instructions.
2.2. Cell lines and cell culturing
All cells were cultured at 37 C in a humidiﬁed 5% CO2
atmosphere in the following culture media: mouse melanoma
cell line B16-F1 (B16) in Dulbecco's Modiﬁed Eagle Medium
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serum (FBS) (Sigma-Aldrich), 0.5% L-Glutamine (Sigma-Aldrich),
0.1% gentamicin (PAA Laboratories, Pasching, Austria) and 0.01%
penicillin (PAA Laboratories) and primary human myoblasts (MYO)
in Advanced Minimum Essential Medium (aMEM; Invitrogen,
Paisley, UK) supplemented with 10% FBS, 0.3% Fungizone
(Invitrogen), and 0.15% gentamicin.
Primary human skeletal muscle cell cultures were prepared as
described in detail before (Askanas et al., 1987; Mars et al., 2003;
Prelovsek et al., 2006). The study was approved by the Republic of
Slovenia Medical Ethics Committee (permit No: 71/05/12). Donors
signed informed consent.
2.3. PI cell viability assay
Propidium iodide (PI) viability assay was performed as
described previously (Bregar et al., 2013). Brieﬂy, after incubation
with NPs, cells were gently washed and stained with 2 mg/ml
Hoechst 33342 (Life Technologies, Beverly, Massachusetts) to
obtain total cell number, and with PI (0.15 mM; Sigma-Aldrich) for
5 min to stain dead cells. At least 20 images at 10  objective
magniﬁcation were recorded for each sample using ﬂuorescent
microscope Zeiss 200 (Axiovert, Germany). Cells (stained nuclei)
were counted using CellCounter software (Lojk et al., 2015b). The
number of viable cells for each sample was obtained by subtracting
the number of dead cells from all counted cells. The percentage of
viable cells (% Viability) in a given sample was determined as the
ratio between the number of viable cells in the sample (NS) and the
number of all cells in the non-treated control (N0): % Viability =
100  NS/ N0.
2.4. Apoptosis assay
Induction of apoptosis following NP exposure was assessed
using Annexin V Conjugate (Alexa Flour1 488; Invitrogen,
Molecular Probes) in combination with Hoechst 33342 and PI
ﬂuorescent dyes. After incubation with 4 mg/ml PEI NPs for
different time intervals, cells were detached, washed with ice cold
annexin-binding buffer [10 mM HEPES, 140 mM NaCl, 2.5 mM
CaCl2, pH 7.4] and incubated with 2 mg/ml Hoechst 33342 and
50 ml/ml Annexin V conjugate dissolved in annexin-binding buffer
for 10 min. After that, the same volume of 0.3 mM PI in annexin-
binding buffer was added to the samples for 5 min and samples
were washed.
Samples were analysed under a ﬂuorescence microscope for all
three ﬂuorescent dyes. Cells labelled only with Hoechst were
counted as live, cells labelled with Hoechst and Annexin V
conjugate as apoptotic and all PI labelled cells as dead/necrotic
(independently whether they were also labelled with Annexin V).
Cells, incubated with 1 mM Staurosporine (Sigma-Aldrich) for 6 h
for MYO and for 24 h for B16 cells were used as a positive control.
2.5. ROS assay
ROS levels were determined by 5-(and-6)-chloromethyl-20,70-
dichlorodihydroﬂuorescein diacetate assay (CM-H2DCFHDA; Mo-
lecular Probes, Invitrogen) following manufacturer’s instructions.
Brieﬂy, following 24 h incubation with NPs, cells were washed and
incubated with 10 mM CM-H2DCFDA dissolved in PBS with Ca2+
and Mg2+ at 37 C for 45 min 500 mM H2O2 was used as a positive
control. Fluorescence was measured at 350 nm excitation and
461 nm emission using spectroﬂuorometer Tecan Inﬁnite 200.
Fluorescence intensity of CM-H2DCFDA was normalized to the
relative number of cells as spectroﬂuorimetrically determined by
Hoechst 33342 staining. The results are presented as percentageand standard error of normalized ﬂuorescence intensity compared
to the negative control sample.
2.6. Western blot (NF-kB activity)
Western blot was performed as described previously (Lojk et al.,
2015c). Brieﬂy, cells were lysed in Laemmli buffer and the proteins
were separated by SDS-PAGE on 4–12% Bis-Tris gels (Bio-Rad,
Hercules, CA, USA), and transferred to PVDF membranes Millipore
(Billerica, MA, USA) using the Criterion system (Bio-Rad). The
membranes were blocked in 7.5% (w/v) non-fat milk in TBS-T
[10 mM Tris, 137 mM NaCl, 0.02% [v/v] Tween-20, pH 7.6] and
subsequently probed with the primary antibodies, overnight at
4 C, followed by 1 h incubation with the appropriate HRP-
conjugated secondary antibody (Bio-Rad) at room temperature.
Immunoreactive proteins were visualised using enhanced chemi-
luminescence (Thermo-Scientiﬁc Pierce, Rockford, IL, USA).
Quantity-One 1-D Analysis Software (Bio-Rad) was used for
densitometric analysis. We used primary antibodies against
Phospho-NF-kB p65 (Ser536)(7F1)(Mouse monoclonal antibody,
diluted 1:1000; Cell Signalling Technology, Danvers, MA) and actin
(rabbit polyclonal antibody SC-1616-R, diluted 1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA). 2 h incubation with 100 ng/ml
Lipopolysaccharide (LPS; Sigma) in MYO cells and 3 h incubation
with 250 mM okadaic acid (Calbiochem, Merck Millipore, MA, USA)
followed by 5 min 20 mM H2O2 for B16 cells were used as a positive
control.
2.7. TLR4 signalling inhibition
To inhibit TLR4 signalling in MYO cells, we used CLI-095
(InvivoGen, San Diego, CA, USA) and Lipid IVa (Peptide Institute,
Osaka, Japan), both dissolved in DMSO and added in ﬁnal
concentration of 1 mg/ml. The same volume of DMSO was added
to the control samples. CLI-095 and Lipid IVa were added 6 and 2 h
before incubating the cells with 4 mg/ml PEI NPs for 30 min or with
100 ng/ml LPS for 2 h. At the end of incubation, cells were washed,
lysed with Laemmli buffer and western blot was performed as
described above.
2.8. Dual luciferase assay (NF-kB activity)
Cells were transiently transfected with NF-kB-dependent
luciferase reporter plasmid, constitutive Renilla reporter plasmid
as the internal control for transfection efﬁcacy and cell survival,
and TLR4 and MD-2 expression vectors by using Lipofectamine
3000 (Invitrogen). Stimulation with 100 ng/ml LPS for 6 h was used
as a positive control. After 24 h incubation, cells were lysed in
Passive Lysis Buffer (Promega, Madison, WI) according to
manufacturers’ instructions. The expression of the luciferase
reporter genes was analysed using Dual Glo Luciferase Assay
System reagents (Promega) and the Orion II luminometer plate
reader (Berthold Technologies). Relative luciferase activity (RLA)
was calculated by normalizing each sample’s luciferase activity to
constitutive Renilla activity measured within the same sample. The
assay was only performed on B16 cell line, since the plasmids were
not transfected in MYO cells.
2.9. Statistics
If not stated otherwise, results are presented as mean and
standard error. One-way analysis of variance (ANOVA) followed by
Bonferroni post hoc test was performed to test for differences
among groups. Statistical analyses were carried out with GraphPad
Prism (v6; GraphPad Software, Inc., La Jolla, CA, USA). Statistical
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*P  0.05; **P  0.01; ***P  0.001; ****P  0.0001.
3. Results
3.1. Nanoparticle characterization
NPs were characterized by measuring their hydrodynamic
diameter and zeta potential in distilled water and in both used cell
culture media supplemented with 10% FBS. NPs behaved similarly
in both cell culture media (DMEM and aMEM) and the presented
results are the average measurements in both media (Table 1). The
hydrodynamic diameter of PAA NPs remained the same in both
suspension media while for PEI NPs it increased from 80 nm +/
10 nm in dH2O to 3000 nm +/ 1000 nm in medium supplemented
with FBS. The absolute surface charge for PAA NPs decreased from
 56 mV +/ 6 mV to  14 mV +/ 3 mV. The observed changes in
the hydrodynamic diameter and zeta potential were due to binding
of counter ions and the formation of the protein corona (Fig. S1)
and aggregation of NPs, which was more pronounced in case of PEI
NPs (aggregates with average diameter of 3 mm) (Bregar et al.,
2010; Lojk et al., 2015a; Pavlin and Bregar, 2012). This is in
agreement with the obtained higher amount of protein in the
protein corona on PEI NPs compared to PAA NPs (Fig. S1). Due to the
extensive aggregation of PEI NPs, measurements of zeta potential
in medium containing FBS were not possible. Despite the
signiﬁcant aggregation, PEI NPs were still internalized in both
cell lines (Fig. S2, Fig. S3).
The presence of endotoxins in PAA and PEI NPs was determined
with gel-clot Limulus Amebocyte Lysate (LAL) assay with
sensitivity of 0.06 EU/ml. PAA and PEI NPs formulations contained
less than 0.25 EU/ml at concentrations 50 mg/ml or 10 mg/ml,
respectively, thus our NPs can be regarded as endotoxin-free.
3.2. Cell viability
To determine NPs toxicity, MYO and B16 cells were incubated
with increasing concentrations of PAA or PEI NPs for 24 h and cell
viability was determined with PI viability assay. PAA NPs showed
no negative effects after 24 h even at really high, non-physiologi-
cal concentrations (>100 mg/ml) for both cell types (Fig. 1A,
Fig. S4-S5). Similarly, PAA polymer alone and non-coated cobalt-
ferrite cores had no negative effect on cell viability (Fig. 2, Fig. S8-
S9). The concentration of 100 mg/ml PAA NPs was chosen for
further experiments, since such high NP concentrations are and
would be used in potential biotechnological applications of cell
labelling, which requires high intracellular loading. We use our
NPs for labelling of cancer cells. On the other hand, PEI NPs
induced considerable concentration-dependent toxicity already
at low concentrations (IC50 at 5–6 mg/ml) (Fig. 1B, Fig. S6-S7),
which can be attributed to the toxicity of PEI polymer (Fig. 2,
Figs. S8C-S9C). In all further experiments, we used the PEI NP
concentration 4 mg/ml in order to avoid excessive cell damage
and cell loss.
Annexin V assay performed at different time-points after
incubation (3 h, 6 h and 24 h) showed no induction of apoptosisTable 1
Hydrodynamic diameter and surface charge (zeta potential) of polyacrylic acid
(PAA) and polyethylenimine (PEI) coated nanoparticles in both (averaged) cell
culture media with 10% serum (FBS).
PAA PEI
Zeta potential (dH2O)  56 mV +/ 6 mV + 50 mV +/ 6 mV
Zeta potential (medium)  14 mV +/ 3 mV NA
Diameter (dH2O) 63 nm +/ 22 nm 80 nm +/ 10 nm
Diameter (medium) 58 nm +/ 21 nm 3000 nm +/ 1000 nm(Annexin V positive, PI negative cells) and signiﬁcant cell death (all
PI positive) already after short incubation times (Fig. 3) for both
MYO and B16 cells. In several cases, especially with MYO cells, PI
positive cells were also Annexin V positive (Fig. 3) and were
therefore regarded as dead.
3.3. Reactive oxygen species
To analyse the possible mechanisms of observed NPs cytotox-
icity, we determined ROS levels after 24 h exposure to NPs.
Exposure to PAA NPs did not induce ROS in either cell type (Fig. 4A)
while PEI NPs, induced ROS formation at 8 mg/ml NP concentration
and higher for both cell types (Fig. 4B). The levels of ROS were
much higher in B16 cell line compared to MYO cells (Fig. 4B). To
conﬁrm ROS were not induced at shorter time intervals following
NP exposure, an incubation timeline was performed (from 0.5 to
24 h exposure), which conﬁrmed the observed ROS levels after 24 h
with no ROS induction at shorter time intervals (Fig. S11).
3.4. NF-kB activity
The ability of NPs to trigger the activation of NF-kB, the main
transcription factor of stress and immune responses, was assessed
with dual luciferase assay and Western blotting of phosphorylated
NF-kB (pNF-kB). NF-kB was activated (phosphorylated) only after
incubation with 4 mg/ml PEI NPs in MYO cells. The increase in NF-
kB phosphorylation was observed 15 min (2.4 fold increase) and
30 min (3.9 fold increase) after incubation, after which the activity
dropped below the basal activity for up to 24 h (Fig. 5C).
Interestingly, incubation of MYO cells with 8 mg/ml PEI NPs did
not induce NF-kB phosphorylation (Fig. S12). Also, PEI NPs only
activated NF-kB in MYO cells, while there was no response in B16
cells at observed time-points (Fig. 5D). Similarly, no NF-kB
activation was observed after incubation with PAA NPs in both
cell types (Fig. 5A and B).
To determine the activity of NF-kB after 24 h incubation, dual
luciferase assay was performed. Due to technical reasons the assay
did not work on MYO cells however, in B16 cells we observed a
concentration-dependent decrease in NF-kB activity after incuba-
tion with both PEI and PAA NPs (Fig. 6). No increase in NF-kB
activity was observed after 6 h incubation (results not shown).
3.5. TLR4 inhibition
To determine if the observed NF-kB activation in MYO cells is
TLR4 dependent, we inhibited TLR4 receptor with CLI-095, an
inhibitor of intracellular TLR4 domain (Ii et al., 2006), and Lipid IVa,
a precursor of Lipid A (the active moiety of LPS), that binds human
TLR4/MD2, but is unable to induce the signalling transduction
(Saitoh et al., 2004). Although the inhibition was not statistically
signiﬁcant, the trend indicated that PEI NPs induce NF-kB
activation through TLR4 activation (Fig. 7A). The inhibition of
PEI NP induced activation (to approximately 20% of the non-
inhibited response) was similar to inhibition of LPS induced
activation (to 16% of the non-inhibited response). Since both
inhibitors reduced the NF-kB activation, PEI NPs most probably
activate TLR4 through MD2 co-receptor, which is inhibited by Lipid
IVa.
Since B16 cells did not respond to LPS stimulation in dual
luciferase assay without transfection of TLR4 and MD2 expression
vectors (results not shown), we performed a LPS stimulation
timeline and analysed NF-kB activity with western blot in more
detail. Only a small response to LPS was obtained 30 min after
stimulation, which was quickly returned to basal levels (Fig. 7B).
Fig.1. The effect of increasing nanoparticle concentrations on cell viability for (A) polyacrylic acid (PAA) coated and (B) polyethylenimine (PEI) coated magnetic nanoparticles.
B16 cells and primary human myoblasts (MYO) were incubated with nanoparticles for 24 h and cell viability was determined using PI viability assay. Mean and standard error
are shown for three independent experiments.
Fig. 2. Toxicity of increasing concentrations of (A, D) cobalt ferrite (Co-ferrite) NP cores, (B, E) polyacrylic acid (PAA) polymer and (C, F) polyethylenimine (PEI) polymer in (A-
C) primary human myoblasts (MYO) and (D-F) B16 mouse melanoma cell line. Cells were incubated for 24 h and viability was determined with PI viability assay. Mean and
standard error are shown for two experiments.
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In this study, we analysed viability and stress responses of
mouse melanoma B16 cells and primary human myoblasts MYO
cells to the presence of two types of polymer-coated magnetic
cobalt ferrite NPs  negatively charged PAA and positively charged
PEI NPs, both designed for biotechnological and biomedical
applications. Cobalt ferrite was used as the NP core since it is
more stable and has better magnetization and heating properties
compared to clinically approved iron-oxide NPs. This makes cobalt
ferrite NPs excellent candidates for biotechnological applications
involving the use of external magnetic ﬁeld, like hyperthermia,
MRI contrast agents, magnetic drug delivery and others (Amiri and
Shokrollahi, 2013).PAA coated magnetic NPs were designed for the applications of
cell labelling and tracking. As such, these NPs are quickly
internalized in high quantities, accumulated in cells and cause
no or little toxicity after short incubation periods (Fig. 1A, Fig. S4,
S5) (Bregar et al., 2013; Lojk et al., 2015a). As our results
demonstrate, PAA NPs did not induce ROS formation after 24 h
incubation (Fig. 4A) and did not activate the transcription factor
NF-kB in the ﬁrst 24 h after incubation even at very high
concentration of 100 mg/ml in both analysed cell lines (Figs. 5A
and B, 6A).
On the other hand, PEI NPs induced concentration dependent
decrease in cell viability, increase in ROS following incubation with
higher NP concentrations (>6 mg/ml) and activated NF-kB in MYO
cells after 15–30 min incubation.
Fig. 3. Analysis of the mechanism of cell death following different incubation times with 4 mg/ml polyethylenimine (PEI) coated magnetic nanoparticles in (A) primary
human myoblasts (MYO) and (B) B16 mouse melanoma cells. Percentage of apoptotic/necrotic cells was determined using staining with Annexin V (green) and Propidium
iodide (PI; red) for different incubation times. Nuclei are labelled with Hoechst (blue). Staurosporine (STS; 1 mM, 6 h for MYO cells and 8 h for B16 cells) was used as a positive
control. Scale bar corresponds to 60 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. Relative levels of reactive oxygen species (ROS) in B16 cell line and primary human myoblasts (MYO) after 24 h incubation with (A) polyacrylic acid (PAA) coated and (B)
polyethylenimine (PEI) coated magnetic nanoparticles. ROS were determined with CM-H2DCFHDA assay. H2O2 was used as positive control (PC). Mean and standard error are
shown for three independent experiments.
Fig. 5. Phosphorylation of NF-kB (pNF-kB), normalized to actin (ACTB), in primary human myoblasts (MYO) (A, C) and B16 cell line (B, D) for different incubation times with
100 mg/ml polyacrylic acid (PAA) coated (A, B) and 4 mg/ml polyethylenimine (PEI) coated magnetic nanoparticles (C, D). 2 h incubation with 100 ng/ml LPS in MYO cells and
3 h incubation with 250 mM okadaic acid followed by 5 min 20 mM H2O2 for B16 cells were used as a positive control (PC). Mean and standard error of relative arbitrary units as
determined with densitometry are shown for four independent experiments.
114 J. Lojk et al. / Toxicology Letters 270 (2017) 108–118PEI NPs are known to be toxic already at moderate concen-
trations. PEI polymer itself and PEI coated NPs are frequently used
for delivery of nucleic acids into the cytosol (Nimesh et al., 2006).
Due to their high positive surface charge, these NPs quicklyaggregate in the cell culture medium (see Table 1) and strongly
bind to predominantly negatively charged serum proteins (Fig. S1)
and negatively charged plasma membranes of the cells. This strong
NP-membrane binding has been shown to destabilize the
Fig. 6. NF-kB activity in B16 cells after 24 h incubation with increasing concentration of polyacrylic acid (PAA) coated (A) and polyethylenimine (PEI) coated magnetic
nanoparticles (B). NF-kB activity was determined with dual luciferase assay and normalized to the internal control (renila luciferase activity). 100 ng/ml LPS was used as a
positive control (PC). Mean and standard error are shown for three independent experiments.
Fig. 7. (A) Inhibition of NF-kB (pNF-kB) phosphorylation in MYO cells induced by 30 min incubation with 4 mg/ml polyethylenimine (PEI) coated NPs or 2 h incubation with
100 ng/ml LPS with CLI-095 and Lipid IVa inhibitors of Toll-like receptor 4 (TLR4) activation. Mean and standard error of relative arbitrary units as determined with
densitometry are shown for two independent experiments. (B) Lipopolysaccharide (LPS) stimulation timeline in B16 cells. 100 ng/ml LPS was used for stimulation at different
time-point and okadaic acid and H2O2 as a positive control (PC). Mean and standard error of relative arbitrary units as determined with densitometry are shown for two
independent experiments.
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impede normal cell signalling (Moghimi et al., 2005; Parhamifar
et al., 2010). PEI induced membrane damage was observed also in
our study through the concentration-dependent decrease in cell
viability (Fig. 1B) and a corresponding increase in dead, PI positive
cells (Fig. S6,S7).
To determine the mode of observed cell death (apoptosis or
necrosis), cells were incubated with 4 mg/ml PEI NPs for different
time points (3 h, 6 h, 24 h). In MYO cells, we observed a time-
dependent increase in Annexin V positive cells; however, most of
these cells were also PI positive and were thus regarded as necrotic
(Fig. 3). Although the translocation of phosphatidylserine to the
outside leaﬂet of the plasma membrane observed with Annexin V
is considered an indication of apoptosis (Segawa and Nagata,
2015), it has also been observed to occur during early necrotic-like
cell damage (Krysko et al., 2004; Waring et al., 1999) due to PEIinduced destabilization of plasma membrane (Moghimi et al.,
2005). The time dependent increase in number of dead cells
already after short incubation times and the absence of character-
istic morphological features of apoptotic cell death, e.g. chromatin
condensation, nuclear fragmentation, apoptotic bodies (Fig. S6,
S7), indicates membrane damage-induced necrotic cell death after
24 h incubation. This is in agreement with the study of Moghimi
et al., who demonstrated that PEI polymer induces a two-stage
cytotoxicity with an early necrotic cell death and later apoptotic
phase (Moghimi et al., 2005). In our case, apoptosis could thus still
occur later than 24 h.
Another mechanism of PEI induced cell damage is the formation
of ROS. Our results showed that higher PEI NP concentrations
(>6 mg/ml) caused a concentration-dependent increase in ROS
levels in both cell types, which coincides with the increase in cell
death. Based on the known and suggested mechanisms of PEI NP
116 J. Lojk et al. / Toxicology Letters 270 (2017) 108–118cytotoxicity (Parhamifar et al., 2010), the increase in ROS was most
probably due to PEI induced plasma membrane damage and the
damage to the endosomal membranes (Moghimi et al., 2005).
Beside the direct damage to proteins, lipids and nucleic acids,
ROS can also lead to activation of redox sensitive transcription
factors (e.g. NF-kB, AP-1, JAK), and is thus also one of the main
factors involved in inﬂammatory processes (Morgan and Liu, 2011).
To determine the effects of PEI NPs on activation of NF-kB, the
activity of NF-kB was determined with Western blot for shorter
incubation times and with dual luciferase assay after 24 h of
incubation. Interestingly, Western blot showed no NF-kB activa-
tion in B16 cell line for either NP type, while we detected a 3.9-fold
increase in NF-kB activity in MYO cells 30 min after incubation
with 4 mg/ml PEI NPs (Fig. 5C). Following this activation, the
activity of NF-kB dropped below the basal levels up to 24 h after
incubation. Interestingly, incubation of MYO cells with 8 mg/ml PEI
NPs did not induce NF-kB phosphorylation at shorter incubation
times, and NF-kB activity dropped at longer incubations times,
most probably due to signiﬁcant cell death (Fig. S12).
In most studies reporting NP-induced NF-kB activation, ROS has
been implicated as the main mechanism of activation (Capasso
et al., 2014; Liu and Sun, 2010; Nishanth et al., 2011; Shi et al.,
2014). However, we observed only a small time-dependent
increase in ROS (1.3 fold of control) at 4 mg/ml PEI NPs in MYO
cells, which was the highest 24 h after incubation (Fig. 4B, Fig. S11)
and no ROS increase 30 min after PEI NP incubation (Fig. S11). So
although NF-kB activation might represent a step in the activation
of cellular antioxidant and anti-apoptotic mechanisms (Morgan
and Liu, 2011), the time dynamics of both processes do not
coincide. Moreover, incubation of PEI NPs with B16 cells failed to
activate NF-kB while inducing similar cell toxicity and ROS levels
for 6 mg/ml and higher NP concentration compared to MYO cells.
On the other hand, the quick NF-kB response and the following
drop in NF-kB activity shows the typical pattern of receptor
mediated NF-kB activation (Tay et al., 2010). This suggests the
activation is triggered either by membrane binding and damage or
through receptor activation, and not by any mechanisms/damage
occurring later during NP internalization. Such membrane
receptors could be TLRs or other receptors of the immune system
that signal through NF-kB. For example, PEI coated NPs and PEI
polymer per se have been shown to activate both TLR5 (Cubillos-
Ruiz et al., 2009; Hu et al., 2013) and TLR4 receptors (Chen et al.,
2010; Huang et al., 2013; Mulens-Arias et al., 2015). To conﬁrm this,
we inhibited TLR4 receptor signalling in MYO cells with CLI-095, an
inhibitor of TLR4 intracellular domain (Ii et al., 2006), and with
Lipid IVa, an LPS precursor, which binds to TLR4/MD2 without
inducing signalling transduction and in this way prevents binding
of LPS (Saitoh et al., 2004). Both inhibitors reduced PEI NP-induced
NF-kB activation (Fig. 7A), which indicates that PEI might act
through interaction with MD2 co-receptor, similarly to LPS, and not
through TLR4 receptor dimerization independent of ligand
presence. The lack of NF-kB activation following incubation with
PEI NPs in B16 cells could be thus explained either by low
expression of TLR4 receptor or co-receptor (as indicated by the low
NF-kB activation following LPS stimulation (Fig. 7B)) or due to high
deregulation of NF-kB signalling in melanoma cells (Madonna
et al., 2012; Ueda and Richmond, 2006).
Additionally, we performed a dual luciferase assay following
24 h incubation with PAA and PEI NPs in B16 cells. Interestingly,
higher concentrations of both types of NPs induced a slight
decrease in NF-kB activity (Fig. 6). The ability to suppress NF-kB
activity has previously been shown for gold and cerium oxide NPs;
however, the mechanisms were not determined or the effect was
attributed to the ability of the NPs to act as ROS scavengers,
reducing the oxidative stress and ROS induced NF-kB activation
(Estevez and Erlichman, 2011; Ma et al., 2010). PAA and PEI NPs donot act as ROS scavengers. Most probably, suppressed activity of
NF-kB is due to negative feed-back mechanisms, that supress
receptor mediated activation, as can also be seen from the dynamic
response obtained with Western blot on MYO cells (Fig. 4A).
Taken together, in this study we compared the cell stress
response to two types of polymer coated magnetic NPs. Negatively
charged PAA NPs induced no short-term cytotoxicity and cell
stress, while positively charged PEI NPs were shown to induce
concentration dependent necrotic cell death, ROS induction and
activation of transcription factor NF-kB in primary human
myoblasts through activation of TLR4 receptor. Both PAA and PEI
coatings induce speciﬁc interactions with the cells, so knowing the
toxicity mechanisms related to each potential polymer can help
design better and more biocompatible NPs based on the require-
ments of the application.
Funding
This work was supported by Slovenian Research Agency within
projects J2-6758, J3-6794, J7-7424, P1-0055, P3-0043, MRIC UL IP-
0510 Infrastructure Program and Young Researchers Program.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.
toxlet.2017.02.010.
References
Estevez, A.Y., Erlichman, J.S., 2011. Cerium oxide nanoparticles for the treatment of
neurological oxidative stress diseases, in: oxidative stress: diagnostics,
prevention, and therapy. ACS Symp. Ser. Am. Chem. Soc. 255–288.
Amiri, S., Shokrollahi, H., 2013. The role of cobalt ferrite magnetic nanoparticles in
medical science. Mater. Sci. Eng. C 33, 1–8. doi:http://dx.doi.org/10.1016/j.
msec.2012.09.003.
Askanas, V., Kwan, H., Alvarez, R.B., Engel, W.K., Kobayashi, T., Martinuzzi, A.,
Hawkins, E.F., 1987. De novo neuromuscular junction formation on human
muscle ﬁbres cultured in monolayer and innervated by foetal rat spinal cord:
ultrastructural and ultrastructural-cytochemical studies. J. Neurocytol. 16, 523–
537.
Bobo, D., Robinson, K.J., Islam, J., Thurecht, K.J., Corrie, S.R., 2016. Nanoparticle-Based
medicines: a review of FDA-Approved materials and clinical trials to date.
Pharm. Res. 33, 2373–2387. doi:http://dx.doi.org/10.1007/s11095-016-1958-5.
Bregar, V.B., Lojk, J., Šuštar, V., Verani9c, P., Pavlin, M., 2013. Visualization of
internalization of functionalized cobalt ferrite nanoparticles and their
intracellular fate. Int. J. Nanomed. 8, 919–931. doi:http://dx.doi.org/10.2147/IJN.
S38749.
Bregar V.B., Pavlin M., Žnidarši9c A. 2010. Magnetization State in Magnetic
Nanoparticle Agglomerates. Proc. 8th Int. Conf. Sci. Clin. Appl. Magn. Carr. May
25–29 2010 Rostock Ger. Melveille NY Am. Inst. Phys. 1311, 59–64.
Bubici, C., Papa, S., Dean, K., Franzoso, G., 2006. Mutual cross-talk between reactive
oxygen species and nuclear factor-kappa B: molecular basis and biological
signiﬁcance. Oncogene 25, 6731–6748. doi:http://dx.doi.org/10.1038/sj.
onc.1209936.
Campelj, S., Makovec, D., Drofenik, M., 2008. Preparation and properties of water-
based magnetic ﬂuids. J. Phys. Condens. Matter 20, 204101. doi:http://dx.doi.
org/10.1088/0953-8984/20/20/204101.
Capasso, L., Camatini, M., Gualtieri, M., 2014. Nickel oxide nanoparticles induce
inﬂammation and genotoxic effect in lung epithelial cells. Toxicol. Lett. 226, 28–
34. doi:http://dx.doi.org/10.1016/j.toxlet.2014.01.040.
Chen, H., Li, P., Yin, Y., Cai, X., Huang, Z., Chen, J., Dong, L., Zhang, J., 2010. The
promotion of type 1 T helper cell responses to cationic polymers in vivo via toll-
like receptor-4 mediated IL-12 secretion. Biomaterials 31, 8172–8180. doi:
http://dx.doi.org/10.1016/j.biomaterials.2010.07.056.
Chomoucka, J., Drbohlavova, J., Huska, D., Adam, V., Kizek, R., Hubalek, J., 2010.
Magnetic nanoparticles and targeted drug delivering. Pharmacol. Res. Towards
Clin. Appl. Nanoscale Med. 62, 144–149. doi:http://dx.doi.org/10.1016/j.
phrs.2010.01.014.
Couto, D., Freitas, M., Vilas-Boas, V., Dias, I., Porto, G., Lopez-Quintela, M.A., Rivas, J.,
Freitas, P., Carvalho, F., Fernandes, E., 2014. Interaction of polyacrylic acid coated
and non-coated iron oxide nanoparticles with human neutrophils. Toxicol. Lett.
225, 57–65. doi:http://dx.doi.org/10.1016/j.toxlet.2013.11.020.
Couto, D., Sousa, R., Andrade, L., Leander, M., Lopez-Quintela, M.A., Rivas, J., Freitas,
P., Lima, M., Porto, G., Porto, B., Carvalho, F., Fernandes, E., 2015. Polyacrylic acid
coated and non-coated iron oxide nanoparticles are not genotoxic to human T
J. Lojk et al. / Toxicology Letters 270 (2017) 108–118 117lymphocytes. Toxicol. Lett. 234, 67–73. doi:http://dx.doi.org/10.1016/j.
toxlet.2015.02.010.
Cubillos-Ruiz, J.R., Engle, X., Scarlett, U.K., Martinez, D., Barber, A., Elgueta, R., Wang,
L., Nesbeth, Y., Durant, Y., Gewirtz, A.T., Sentman, C.L., Kedl, R., Conejo-Garcia, J.
R., 2009. Polyethylenimine-based siRNA nanocomplexes reprogram tumor-
associated dendritic cells via TLR5 to elicit therapeutic antitumor immunity. J.
Clin. Invest. 119, 2231–2244. doi:http://dx.doi.org/10.1172/JCI37716.
De Jong, W.H., Borm, P.J.A., 2008. Drug delivery and nanoparticles: applications and
hazards. Int. J. Nanomed. 3, 133–149.
De Jong, W.H., Van Der Ven, L.T.M., Sleijffers, A., Park, M.V.D.Z., Jansen, E.H.J.M., Van
Loveren, H., Vandebriel, R.J., 2013. Systemic and immunotoxicity of silver
nanoparticles in an intravenous 28 days repeated dose toxicity study in rats.
Biomaterials 34, 8333–8343. doi:http://dx.doi.org/10.1016/j.
biomaterials.2013.06.048.
Dobrovolskaia, M.A., Shurin, M., Shvedova, A.A., 2016. Current understanding of
interactions between nanoparticles and the immune system. Toxicol. Appl.
Pharmacol. 299, 78–89. doi:http://dx.doi.org/10.1016/j.taap.2015.12.022.
Fröhlich, E., 2013. Cellular targets and mechanisms in the cytotoxic action of non-
biodegradable engineered nanoparticles. Curr. Drug Metab. 14, 976–988.
Fröhlich, E., 2012. The role of surface charge in cellular uptake and cytotoxicity of
medical nanoparticles. Int. J. Nanomed. 5577. doi:http://dx.doi.org/10.2147/ijn.
s36111.
Fröhlich, E., Meindl, C., Roblegg, E., Griesbacher, A., Pieber, T.R., 2012. Cytotoxity of
nanoparticles is inﬂuenced by size, proliferation and embryonic origin of the
cells used for testing. Nanotoxicology 6, 424–439. doi:http://dx.doi.org/
10.3109/17435390.2011.586478.
Fu, P.P., Xia, Q., Hwang, H.-M., Ray, P.C., Yu, H., 2014. Mechanisms of nanotoxicity:
generation of reactive oxygen species. J. Food Drug Anal. 22, 64–75. doi:http://
dx.doi.org/10.1016/j.jfda.2014.01.005.
Hajdú, A., Szekeres, M., Tóth, I.Y., Bauer, R.A., Mihály, J., Zupkó, I., Tombácz, E., 2012.
Enhanced stability of polyacrylate-coated magnetite nanoparticles in
biorelevant media. Colloids Surf. B Biointerfaces 94, 242–249. doi:http://dx.doi.
org/10.1016/j.colsurfb.2012.01.042.
Hu, Z., Xing, Y., Qian, Y., Chen, X., Tu, J., Ren, L., Wang, K., Chen, Z., 2013. Anti-
radiation damage effect of polyethylenimine as a toll-like receptor 5 targeted
agonist. J. Radiat. Res. (Tokyo) 54, 243–250. doi:http://dx.doi.org/10.1093/jrr/
rrs098.
Huang, Z., Yang, Y., Jiang, Y., Shao, J., Sun, X., Chen, J., Dong, L., Zhang, J., 2013. Anti-
tumor immune responses of tumor-associated macrophages via toll-like
receptor 4 triggered by cationic polymers. Biomaterials 34, 746–755. doi:http://
dx.doi.org/10.1016/j.biomaterials.2012.09.062.
Hussain, S., Garantziotis, S., Rodrigues-Lima, F., Dupret, J.-M., Baeza-Squiban, A.,
Boland, S., 2014. Intracellular signal modulation by nanomaterials. Adv. Exp.
Med. Biol. 811, 111–134. doi:http://dx.doi.org/10.1007/978-94-017-8739-0_7.
Ii, M., Matsunaga, N., Hazeki, K., Nakamura, K., Takashima, K., Seya, T., Hazeki, O.,
Kitazaki, T., Iizawa, Y., 2006. A novel cyclohexene derivative, ethyl (6R)-6-[N-(2-
Chloro-4-ﬂuorophenyl)sulfamoyl]cyclohex-1-ene-1-carboxylate (TAK-242),
selectively inhibits toll-like receptor 4-mediated cytokine production through
suppression of intracellular signaling. Mol. Pharmacol. 69, 1288–1295. doi:
http://dx.doi.org/10.1124/mol.105.019695.
Iversen, N.K., Frische, S., Thomsen, K., Laustsen, C., Pedersen, M., Hansen, P.B.L., Bie,
P., Fresnais, J., Berret, J.-F., Baatrup, E., Wang, T., 2013. Superparamagnetic iron
oxide polyacrylic acid coated g-Fe2O3 nanoparticles do not affect kidney
function but cause acute effect on the cardiovascular function in healthy mice.
Toxicol. Appl. Pharmacol. 266, 276–288. doi:http://dx.doi.org/10.1016/j.
taap.2012.10.014.
Jin, R., Lin, B., Li, D., Ai, H., 2014. Superparamagnetic iron oxide nanoparticles for MR
imaging and therapy: design considerations and clinical applications. Curr.
Opin. Pharmacol. Anti-infect.  New Technol. 18, 18–27. doi:http://dx.doi.org/
10.1016/j.coph.2014.08.002.
Kittler, S., Greulich, C., Diendorf, J., Köller, M., Epple, M., 2010. Toxicity of silver
nanoparticles increases during storage because of slow dissolution under
release of silver ions. Chem. Mater. 22, 4548–4554. doi:http://dx.doi.org/
10.1021/cm100023p.
Krysko, O., De Ridder, L., Cornelissen, M., 2004. Phosphatidylserine exposure during
early primary necrosis (oncosis) in JB6 cells as evidenced by immunogold
labeling technique. Apoptosis Int. J. Program. Cell Death 9, 495–500. doi:http://
dx.doi.org/10.1023/B:APPT.0000031452.75162.75.
Liu, X., Sun, J., 2010. Endothelial cells dysfunction induced by silica nanoparticles
through oxidative stress via JNK/P53 and NF-kB pathways. Biomaterials 31,
8198–8209. doi:http://dx.doi.org/10.1016/j.biomaterials.2010.07.069.
Lojk, J., Bregar, V.B., Rajh, M., Miš, K., Kreft, M.E., Pirkmajer, S., Verani9c, P., Pavlin, M.,
2015a. Cell type-speciﬁc response to high intracellular loading of polyacrylic
acid-coated magnetic nanoparticles. Int. J. Nanomed. 10, 1449–1462. doi:http://
dx.doi.org/10.2147/IJN.S76134.
Lojk, J., Cibej, U., Karlaš, D., Šajn, L., Pavlin, M., 2015b. Comparison of two automatic
cell-counting solutions for ﬂuorescent microscopic images. J. Microsc. 260,107–
116. doi:http://dx.doi.org/10.1111/jmi.12272.
Lojk, J., Mis, K., Pirkmajer, S., Pavlin, M., 2015c. siRNA delivery into cultured primary
human myoblasts-optimization of electroporation parameters and theoretical
analysis. Bioelectromagnetics 36, 551–563. doi:http://dx.doi.org/10.1002/
bem.21936.
Ma, J.S., Kim, W.J., Kim, J.J., Kim, T.J., Ye, S.K., Song, M.D., Kang, H., Kim, D.W., Moon,
W.K., Lee, K.H., 2010. Gold nanoparticles attenuate LPS-induced NO production
through the inhibition of NF-kappaB and IFN-beta/STAT1 pathways inRAW264.7 cells. Nitric Oxide Biol. Chem. Off. J. Nitric Oxide Soc. 23, 214–219.
doi:http://dx.doi.org/10.1016/j.niox.2010.06.005.
Ma, Y.-H., Wu, S.-Y., Wu, T., Chang, Y.-J., Hua, M.-Y., Chen, J.-P., 2009. Magnetically
targeted thrombolysis with recombinant tissue plasminogen activator bound to
polyacrylic acid-coated nanoparticles. Biomaterials 30, 3343–3351. doi:http://
dx.doi.org/10.1016/j.biomaterials.2009.02.034.
Madonna, G., Ullman, C.D., Gentilcore, G., Palmieri, G., Ascierto, P.A., 2012. NF-kB as
potential target in the treatment of melanoma. J. Transl. Med. 10, 53. doi:http://
dx.doi.org/10.1186/1479-5876-10-53.
Mars, T., King, M.P., Miranda, A.F., Walker, W.F., Mis, K., Grubic, Z., 2003. Functional
innervation of cultured human skeletal muscle proceeds by two modes with
regard to agrin effects. Neuroscience 118, 87–97.
Moghimi, S.M., Symonds, P., Murray, J.C., Hunter, A.C., Debska, G., Szewczyk, A.,
2005. A two-stage poly(ethylenimine)-mediated cytotoxicity: implications for
gene transfer/therapy. Mol. Ther. 11, 990–995. doi:http://dx.doi.org/10.1016/j.
ymthe.2005.02.010.
Morgan, M.J., Liu, Z., 2011. Crosstalk of reactive oxygen species and NF-kB signaling.
Cell Res. 21, 103–115. doi:http://dx.doi.org/10.1038/cr.2010.178.
Mulens-Arias, V., Rojas, J.M., Pérez-Yagüe, S., Morales, M.P., Barber, D.F., 2015.
Polyethylenimine-coated SPIONs trigger macrophage activation through TLR-4
signaling and ROS production and modulate podosome dynamics. Biomaterials
52, 494–506. doi:http://dx.doi.org/10.1016/j.biomaterials.2015.02.068.
Nimesh, S., Goyal, A., Pawar, V., Jayaraman, S., Kumar, P., Chandra, R., Singh, Y., Gupta,
K.C., 2006. Polyethylenimine nanoparticles as efﬁcient transfecting agents for
mammalian cells. J. Control. Release 110, 457–468. doi:http://dx.doi.org/
10.1016/j.jconrel.2005.10.014.
Nishanth, R.P., Jyotsna, R.G., Schlager, J.J., Hussain, S.M., Reddanna, P., 2011.
Inﬂammatory responses of RAW 264.7 macrophages upon exposure to
nanoparticles: role of ROS-NFkB signaling pathway. Nanotoxicology 5, 502–516.
doi:http://dx.doi.org/10.3109/17435390.2010.541604.
Padwal, P., Bandyopadhyaya, R., Mehra, S., 2014. Polyacrylic acid-coated iron oxide
nanoparticles for targeting drug resistance in mycobacteria. Langmuir 30,
15266–15276. doi:http://dx.doi.org/10.1021/la503808d.
Pankhurst, Q.A., Connolly, J., Jones, S.K., Dobson, J., 2003. Applications of magnetic
nanoparticles in biomedicine. J. Phys. – Appl. Phys. 36, R167–R181. doi:http://dx.
doi.org/10.1088/0022-3727/36/13/201.
Parhamifar, L., Larsen, A.K., Hunter, A.C., Andresen, T.L., Moghimi, S.M., 2010.
Polycation cytotoxicity: a delicate matter for nucleic acid therapy—focus on
polyethylenimine. Soft Matter 6, 4001–4009. doi:http://dx.doi.org/10.1039/
C000190B.
Pavlin, M., Bregar, V.B., 2012. Stability of nanoparticle suspensions in different
biologically relevant media. Dig. J. Nanomater. Biostruct. 7, 1389–1400.
Plank, C., Zelphati, O., Mykhaylyk, O., 2011. Magnetically enhanced nucleic acid
delivery. Ten years of magnetofection-progress and prospects. Adv. Drug Deliv.
Rev. 63, 1300–1331. doi:http://dx.doi.org/10.1016/j.addr.2011.08.002.
Prelovsek, O., Mars, T., Jevsek, M., Podbregar, M., Grubic, Z., 2006. High
dexamethasone concentration prevents stimulatory effects of TNF-alpha and
LPS on IL-6 secretion from the precursors of human muscle regeneration. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 291, R1651–1656. doi:http://dx.doi.org/
10.1152/ajpregu.00020.2006.
Prijic, S., Prosen, L., Cemazar, M., Scancar, J., Romih, R., Lavrencak, J., Bregar, V.B.,
Coer, A., Krzan, M., Znidarsic, A., Sersa, G., 2012. Surface modiﬁed magnetic
nanoparticles for immuno-gene therapy of murine mammary adenocarcinoma.
Biomaterials 33, 4379–4391. doi:http://dx.doi.org/10.1016/j.
biomaterials.2012.02.061.
Rutnakornpituk, M., Puangsin, N., Theamdee, P., Rutnakornpituk, B., Wichai, U., 2011.
Poly(acrylic acid)-grafted magnetic nanoparticle for conjugation with folic acid.
Polymer 52, 987–995. doi:http://dx.doi.org/10.1016/j.polymer.2010.12.059.
Saitoh, S., Akashi, S., Yamada, T., Tanimura, N., Kobayashi, M., Konno, K., Matsumoto,
F., Fukase, K., Kusumoto, S., Nagai, Y., Kusumoto, Y., Kosugi, A., Miyake, K., 2004.
Lipid A antagonist, lipid IVa, is distinct from lipid A in interaction with toll-like
receptor 4 (TLR4)-MD-2 and ligand-induced TLR4 oligomerization. Int.
Immunol. 16, 961–969. doi:http://dx.doi.org/10.1093/intimm/dxh097.
Sakon, S., Xue, X., Takekawa, M., Sasazuki, T., Okazaki, T., Kojima, Y., Piao, J.H., Yagita,
H., Okumura, K., Doi, T., Nakano, H., 2003. NF-kappa B inhibits TNF-induced
accumulation of ROS that mediate prolonged MAPK activation and necrotic cell
death. EMBO J. 22, 3898–3909. doi:http://dx.doi.org/10.1093/emboj/cdg379.
Segawa, K., Nagata, S., 2015. An apoptotic eat me signal: phosphatidylserine
exposure. Trends Cell Biol. 25, 639–650. doi:http://dx.doi.org/10.1016/j.
tcb.2015.08.003.
Shi, J., Sun, X., Lin, Y., Zou, X., Li, Z., Liao, Y., Du, M., Zhang, H., 2014. Endothelial cell
injury and dysfunction induced by silver nanoparticles through oxidative stress
via IKK/NF-kB pathways. Biomaterials 35, 6657–6666. doi:http://dx.doi.org/
10.1016/j.biomaterials.2014.04.093.
Sun, X., Chen, J., Chen, H., Liang, W., 2012. Polyethylenimine modiﬁed liposomes as
potential carriers for antitumor drug delivery in vitro. Pharm. 67, 426–431.
Tay, S., Hughey, J.J., Lee, T.K., Lipniacki, T., Quake, S.R., Covert, M.W., 2010. Single-cell
NF-kB dynamics reveal digital activation and analogue information processing.
Nature 466, 267–271. doi:http://dx.doi.org/10.1038/nature09145.
Ueda, Y., Richmond, A., 2006. NF-kB activation in melanoma. Pigment Cell Res.
Spons. Eur. Soc. Pigment Cell Res. Int. Pigment Cell Soc. 19, 112–124. doi:http://
dx.doi.org/10.1111/j.1600-0749.2006.00304.x.
Ulbrich, K., Holá, K., Šubr, V., Bakandritsos, A., Tu9cek, J., Zboril, R., 2016. Targeted drug
delivery with polymers and magnetic nanoparticles: covalent and noncovalent
approaches, release control, and clinical studies. Chem. Rev. 116, 5338–5431.
doi:http://dx.doi.org/10.1021/acs.chemrev.5b00589.
118 J. Lojk et al. / Toxicology Letters 270 (2017) 108–118van Vlerken, L.E., Vyas, T.K., Amiji, M.M., 2007. Poly(ethylene glycol)-modiﬁed
nanocarriers for tumor-targeted and intracellular delivery. Pharm. Res. 24,
1405–1414. doi:http://dx.doi.org/10.1007/s11095-007-9284-6.
Vasi, A.-M., Popa, M.I., Tanase, E.C., Butnaru, M., Verestiuc, L., 2014. Poly(acrylic
acid)-poly(ethylene glycol) nanoparticles designed for ophthalmic drug
delivery. J. Pharm. Sci. 103, 676–686. doi:http://dx.doi.org/10.1002/jps.23793.
Waring, P., Lambert, D., Sjaarda, A., Hurne, A., Beaver, J., 1999. Increased cell surface
exposure of phosphatidylserine on propidium iodide negative thymocytes
undergoing death by necrosis. Cell Death Differ. 6, 624–637. doi:http://dx.doi.
org/10.1038/sj.cdd.4400540.Xu, Y., Zhuang, L., Lin, H., Shen, H., Li, J.W., 2013. Preparation and characterization of
polyacrylic acid coated magnetite nanoparticles functionalized with amino
acids. Thin Solid Films, The 6th International Conference on Technological
Advances of Thin Films & Surface Coatings 544, 368–373. doi:http://dx.doi.org/
10.1016/j.tsf.2013.02.097.
Zhu, Y., Liao, L., 2015. Applications of nanoparticles for anticancer drug delivery: a
review. J. Nanosci. Nanotechnol. 15, 4753–4773. doi:http://dx.doi.org/10.1166/
jnn.2015.10298.
REZULTATI IN RAZPRAVA 
62 
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Cytotoxicity1. Introduction
In the last two decades, nanotechnology became an important re-
search ﬁeld and nanomaterials quickly found their way also in biomed-
icine and biotechnology. In biomedicine, nanoparticles (NPs) are
commonly used as contrasting agents (Arami et al., 2015; Gupta and
Gupta, 2005; Pankhurst et al., 2003;Wang et al., 2001) and for drug de-
livery (Gabizon et al., 1994; Gad et al., 2012; Gradishar, 2006; Kalia et al.,
2014;Werner et al., 2011; Zhu and Liao, 2015). Magnetic NPs are a spe-
cial type ofNPs based onmagnetic core that is combinedwith additional
coatings (Bee et al., 1995; Schroder et al., 1986). Their magnetic proper-
ties in combination with speciﬁc coatings (e.g. polymers, small-mole-
cule ligands, surfactants) make them suitable for specialized
applications such as molecular imaging (Laurent et al., 2008; Yu et al.,
2000), hyperthermia (Thiesen and Jordan, 2008) and magnetofection
(Chen et al., 2012; Scherer et al., 2002). Moreover, the electron dense
core that enables visualization with NMR and electron microscopy ineimine; CHO, Chinese hamster
thyleneimine coated magnetic
; PAA, Polyacrylic acid sodium
canning electron microscopy;
scattering; FBS, Fetal bovine
g green ﬂuorescent protein.
eering, University of Ljubljana,
n), jasna.lojk@fe.uni-lj.si
r.veranic@mf.uni-lj.sicombination with other properties enables theranostic approach
(Rizzo et al., 2013). Still, the cytotoxicity of certain types of NPs limits
their efﬁciency and applicability (Buyukhatipoglu and Clyne, 2011; De
Jong and Borm, 2008).
Polyethyleneimine (PEI) is a cationic polymer with one of the
highest cationic-charge-density potentials; namely every third atom is
amino nitrogen that can be protonated. This allows PEI to form stable
complexes with DNA and transfer them into the cytosol once internal-
ized (Boussif et al., 1995). Moreover, PEI is used also as a coating that
stabilizes the NPs and enables electrostatically based delivery of nucleic
acids into mammalian cells, i.e. transfection (Prijic et al., 2012; Scherer
et al., 2002; Tai et al., 2003), also referred to as magnetofection in case
when magnetic ﬁeld is used to stimulate NPs uptake (Mykhaylyk et
al., 2007).
However, PEI and similar polycations can induce cytotoxic responses
and trigger cell death (Fischer et al., 2003; Fröhlich, 2012; Hoskins et al.,
2012; Hwang et al., 2015; Larsen et al., 2012; Moghimi et al., 2005). Cy-
totoxicity is the major obstacle of its use especially in applications that
require delivery of higher concentrations of NPs (Moghimi et al.,
2005). Several approaches have been proposed to reduce the cytotoxic-
ity (Beyerle et al., 2010; Hoskins et al., 2012; Huang et al., 2014;
Ratanajanchai et al., 2014), such as combining PEI and tripolyphosphate
(Huang et al., 2014) or incorporation of PEI into core-shell nanostruc-
tures (Ratanajanchai et al., 2014). In the present paper we propose
addition of reduced form of glutathione as the ﬁnal step of NPs
preparation.
Glutathione is the most prevalent intracellular thiol with many dif-
ferent functions; the most obvious one being the protection of cells
13K. Strojan et al. / Toxicology in Vitro 41 (2017) 12–20against reactive oxygen species (ROS) (Meister and Anderson, 1983;
Sies, 1999). Reduced glutathione prevents oxidation of cellular thiols
by acting as a sacriﬁcial antioxidant and it also assists in protein folding
by participating in thiol transfer reactions. Moreover, signiﬁcant
amounts of glutathione have been found covalently bound to proteins,
which might have a protective and reparative role (Hill and
Bhatnagar, 2007).
The aim of our study was to test the hypothesis that addition of glu-
tathione in the NPs preparation protocol reduces cytotoxicity of PEI-
coated NPs (PEI NPs). The obtained results show reduced cytotoxicity
for glutathione modiﬁed NPs (GSH NPs) that correlates with decreased
ROS levels and increased levels of glutathione content in cell lysates.We
also showed that GSH NPs had similar transfection efﬁciency to PEI NPs.
Furthermore, we visualized NP-membrane interactions with scanning
electron microscopy (SEM) and internalization pathways of PEI NPs
and GSH NPs with transmission electron microscopy (TEM), showing
the uptake of PEI NPs and GSH NPs. Interestingly, no sign of lysosomal
escape of NPswas present since noNPswere observed in the cytosol. Al-
though, thiswasnot the question of our research, itmay shed some light
to the “proton sponge” hypothesis (Behr, 1997; Benjaminsen et al.,
2012).
2. Materials and methods
2.1. Synthesis
Cobalt ferrite (CoFe2O4) polyacrylic acidNPs (CoFe2O4-PAANPs) and
PEI coated CoFe2O4-PAA NPs (PEI NPs) were prepared as described pre-
viously (Bregar et al., 2013; Prijic et al., 2012). Brieﬂy, cobalt ferrite NPs
were prepared by co-precipitation and stabilized in alkaline medium
(Tourinho et al., 1990). Alkaline medium was removed and NPs were
re-suspended in distilled water. The process was repeated three times
and after the last washing step nitric acid was added to stabilize NPs
in acidic media. NPs were coated in situ with water solution of poly-
acrylic acid sodium salt (PAA) withmolecular mass of 8 kDa (Sigma-Al-
drich, St. Luis, Missouri, USA) by mixing equal volumes of CoFe2O4 NPs
(pH 2.0; 3 wt%) and PAA (pH 7.3; 3 wt%) for 10 min at room tempera-
ture. Unbound PAA was removed with 24 h of dialysis against 2 l of dis-
tilled water using dialysis membrane with 20 kD MWCO (Spectrum
Laboratories, Rancho Dominguez, CA, USA). Water was replaced three
times to ensure complete removal of unbound PAA. At this step we ob-
tained CoFe2O4-PAA NPs. PEI functionalization was performed using
branched cationic polymer PEI with molecular weight of 25 kDa
(Sigma-Aldrich) by mixing equal volumes of CoFe2O4-PAA NPs
(pH 7.4; 2 wt%) with PEI water solution (pH 7.8; 3 wt%) for 10 min at
room temperature. Unbound PEI was removed with 24 h of dialysis
against 2 l of distilled water using dialysis membrane with 20 kD
MWCO. Water was replaced three times to ensure complete removal
of unbound PEI. At this step we obtained PEI NPs. To obtain GSH NPs,
PEI NPs (pH 7.4; 2 wt%) were mixed with L-glutathione reduced
(Sigma-Aldrich, St. Luis, Missouri, USA; pH 5.5; 0.5 wt%) in 1:1 ratio.
Again, NPs were dialyzed against 2 l of distilled water for 24 h using di-
alysismembranewith 20 kDMWCO.Water was replaced three times to
ensure complete removal of unbound glutathione. Before application to
cells, the pH of all NP-formulations was adjusted to 7.2 ± 0.2.
2.2. Characterization
ATR-FTIR spectra of dry samples were recorded on a Bruker FTIR
(Fourier Transform Infrared Spectroscopy) Alpha PlatinumATR spectro-
photometer (Bruker, Billerica,Massachusetts, USA). Sampleswere dried
on to the surface of the ATR diamond crystal prior tomeasurements. For
size characterization of the NPs we used dynamic light scattering (DLS)
(Malvern Zetasizer Nano ZS; Malvern Industries, Malvern, UK) with the
NIBS (noninvasive backscatter) 173° backscatter algorithm. Zeta poten-
tial measurements were done with disposable folded capillary cells andtheM3-PALSmeasurements technology, built in theMalvern Nanosizer
NanoZS system. Before any measurements the pH of all NP-formula-
tions was adjusted to 7.2 ± 0.2.
2.3. Cell lines and cell culturing
All experiments were performed on adherent Chinese Hamster
Ovary (CHO) cells. Cells were grown in HAM culture medium for mam-
malian cells (Sigma-Aldrich), supplemented with 10% fetal bovine
serum (FBS) (Sigma-Aldrich), 0.5% L-glutamine (Sigma-Aldrich), 0.1%
gentamicin (PAA Laboratories, Pasching, Austria), and 0.01% penicillin
(PAA Laboratories), at 37 °C in a humidiﬁed 5% CO2 atmosphere. All ex-
periments were performed on a 24-h old cell culture. NPswere incubat-
ed in cell culture medium with 10% FBS, NPs concentration and NPs
mass per well surface ratio was maintained constant through all
experiments.
2.4. Propidium iodide viability assay
Propidium iodide (PI) viability assay (PI assay)was performed as de-
scribed previously (Bregar et al., 2013; Lojk et al., 2015a, 2015b). Cells
were grown in a 24-well plate (Corning Inc., Corning, NY, USA), seeded
at 2 × 104 cells/well and incubated with different concentration of NPs
(0, 2, 4, 6, 8 and 10 μg/ml) for 24 h. After incubation, cell culturemedium
containing NPs was removed and cell nuclei were stained with 0.2 mM
Hoechst 33342 (Thermo Fisher Scientiﬁc, Waltham, MA, USA). Hoechst
stain enabled us to obtain the total cell number (N). To label dead cells,
cells were incubated with 0.15 mM propidium iodide (Sigma-Aldrich)
for 5 min, allowing the ﬂuorescent dye to enter only dead cells. For
each sample, 20 visual ﬁelds at 20× objective magniﬁcation were
taken using MetaMorph imaging system software (Visitron, Puchheim,
Germany) connected to ﬂuorescence microscope (Zeiss 200, Axiovert,
Jena, Germany). Stained nuclei were counted using CellCounter soft-
ware (Lojk et al., 2015b). Approximately 2000 cells were counted for
each parameter. The number of dead cells (Nd) was subtracted from
the total number of cells (N). The percentage of viable cells (Viability)
in a given sample was determined as the ratio between the number of
viable cells in the sample (Ns) and the number of all cells in the control
sample (N0):
Ns ¼ N−Nd; ð1Þ
Viability ¼ 100 NS=N0: ð2Þ
2.5. MTS viability assay
The assay was performed using MTS reagent 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium, inner salt (Cell Titer®96 AQueous One Solution Cell
Proliferation Assay; Promega Corp, Fitchburg, WI, USA) according to
manufacturer's instructions. Brieﬂy, CHO cells were grown in 24-well
plate (Corning Inc.) and incubated with different concentration of NPs
(0, 2, 4, 6, 8, 10 μg/ml) for 24 h. After incubation, cell culture medium
containing NPs was removed and replaced with 200 μl of fresh cell cul-
ture medium per well. Then, 40 μl of MTS reagent 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium, inner salt was added to each well and left to incubate for
90 min. Absorbance was measured at 490 nm using Tecan Inﬁnite 200
(Tecan Group Ltd., Männedorf, Switzerland). None of the tested NPs in-
terfered with the assay at concentrations used for experiments. The re-
sults are presented as percentage of relative absorbance units compared
to the untreated control.
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CHO cells were grown in 6-well plates (Corning Inc.) and incubated
with 4 μg/mlNPs concentration for 2 or 24 h. After incubation, cellswere
washed and ﬁxedwith amixture of 4% (w/v) paraformaldehyde and 2%
(v/v) glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 2 h at room
temperature. Post-ﬁxation was carried out in 1% osmium tetroxide in
0.1 M cacodylate buffer for 2 h, followed by dehydration in graded eth-
anol and embedding in Epon 812 resin (Electron microscopy sciences,
Hatﬁeld, PA, USA) as described previously (Bregar et al., 2013). Ultrathin
sections were counterstained with uranyl acetate and lead citrate and
examined with TEM (CM100; Royal Philips Electronics, Amsterdam,
The Netherlands).2.7. Scanning electron microscopy
CHO cells were grown on cover glass in 6-well plates (Corning) to
40% conﬂuency and incubated with 8 μg/ml NPs for 30 min at 37 °C.
After incubation, cells were ﬁxed with a mixture of 4% (w/v) formalde-
hyde and 2% (w/v) glutaraldehyde in 0.1 M cacodylate buffer for 2 h.
Samples were washed with cacodylate buffer and post-ﬁxated in
4% osmium tetroxide for 1 h; washed again and incubated with 1%
tannic acid in 0.05 M cacodylate buffer for 30 min; followed by
washing in cacodylate buffer and dehydration in progressive series
of ethanol, which was exchanged in a progressive series with
hexamethyldisilazane (HMDS) (Structure Probe Inc., West Chester,
PA, USA); and incubated overnight. The samples in HMDS were air
dried and carbon sputtered. The whole procedure was carried out
at room temperature. SEM analysis was performed with VEGA3
scanning electron microscope (TESCAN Brno, s.r.o. Brno, Czech
Republik).2.8. Oxidative stress
Oxidative stress was evaluated measuring ROS production, using 5-
(and-6)-chloromethyl-2′,7′-dichlorodihydroﬂuorescein diacetate ﬂuo-
rescent probe (CM-H2DCFH-DA; Molecular Probes, Invitrogen) accord-
ing to manufacturer's instructions. Brieﬂy, CHO cells were grown in
24-well plate (Corning Inc.) and incubated with different concentration
of NPs (0, 2, 4, 6, 8, 10 μg/ml) for 24 h. After incubation, cell culture me-
dium containing NPs was removed and cells were washed two times
with PBS. Cells were incubated with 10 μM CM-H2DCFH-DA in PBS
(containing Ca2+ and Mg2+ ions). After 45 min incubation at 37 °C,
ﬂuorescence intensity was measured with excitation at 492 nm and
emission at 527 nm using Tecan Inﬁnite 200. None of the tested NPs in-
terfered with the assay at concentrations used for experiments. The re-
sults are presented as fold increase of ﬂuorescence compared to the
untreated control.Fig. 1. TEM micrographs of PEI NPs and GSH NPs disperse2.9. Total glutathione content
Total glutathione concentration (GSH+ GSSG) was evaluated using
ApoGSH™ Glutathione Colorimetric Detection Kit (Biovision Inc., Milpi-
tas, CA, USA) according tomanufacturer's instructions. Brieﬂy, CHO cells
were grown in 60mm petri dishes (Corning Inc.) (seeded 3 × 105 cells/
dish) and incubated with different concentration of NPs (4, 6, 8 μg/ml)
for 24 h. After incubation, cells were collected by trypsinisation and cen-
trifuged at 700×g for 5min. Pelletswere suspended in 500 μl of ice-cold
PBS and centrifuged at 700 ×g for 5 min. Lysis buffer was added to the
pellet. 15 μl of 5% 5-Sulfosalicylic acid was added to the sample, mixed
and centrifuged at 8000 ×g for 10 min (all centrifugation steps were
performed at 4 °C). 20 μl of supernatant was added to 160 μl of reaction
mix, containingNADPH generatingmix, glutathione reductase (GR) and
lysis buffer. After 10 min of incubation at room temperature, 20 μl of
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) was added. Glutathione re-
duces DTNB to 5-thio(2-nitrobenzoic acid), a yellow by-product, ab-
sorbing at 405 nm. Absorbance at 405 nm was measured after 5 min
of incubation using Tecan Inﬁnite 200. Total glutathione concentration
in cell lysates was determined by inverse linear regression from calibra-
tion curve and normalized to total protein content obtained with
Pierce® BCA Protein Assay Kit (Thermo Fisher Scientiﬁc Inc., Waltham,
MA, USA). None of the tested NPs interfered with the assay at concen-
trations used for experiments. The results are presented as micrograms
of glutathione per milligram of total protein content.
2.10. Transfection with PEI NPs and GSH NPs
Preparation of NP-DNA complexes is described elsewhere
(Mykhaylyk et al., 2007). Brieﬂy, NP-DNA complexes were obtained
by mixing equal volumes of 180 μg/ml PEI NPs or GSH NPs and 90 μg/
ml of plasmid DNA encoding for green ﬂuorescent protein (pGFP). The
suspension was thoroughly mixed and incubated for 15 min at room
temperature. Volumes corresponding to 0, 4, 6, and 8 μg/ml of NPs
were added to CHO cells grown in 24-well plate (Corning Inc.). Addi-
tional control was performed by adding pGFP without NPs to CHO
cells. Transfection efﬁciency was determined after 24 h of incubation
using ﬂuorescence microscope with excitation at 475 nm and emission
at 510 nm (Zeiss 200, Axiovert, Jena, Germany). Transfection efﬁciency
is shown as a percent of green ﬂuorescent protein expressing viable
cells compared to control (Pavlin and Kandušer, 2015).
2.11. Statistical analysis
Each experiment was performed in at least three independent repeats.
If not stated otherwise, data are presented as a mean percent difference
from control with corresponding standard error of the mean. Statistical
tests were run by GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA,
USA) using ANOVA followed by Tukey's multiple comparisons test.d in distilled water. Scale bar corresponds to 100 nm.
Table 1
Physical characterization of NPs.
Nanoparticles Dispersion media Mean hydrodynamic diametera (nm) Zeta potential (mV)
PEI NPs Distilled water 78 54 ± 4
HAM 81 21 ± 5
HAM + 10% FBS 3000b NAb
GSH NPs Distilled water 41 45 ± 5
HAM 59 22 ± 1
HAM + 10% FBS 2300b NAb
a Size distribution obtained by dynamic light scattering (distribution based on particle number).
b Formation of agglomerates.
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*p ≤ 0.05; **p ≤ 0.001; ***p ≤ 0.0001; **** p ≤ 0.00001.
3. Results
3.1. Nanoparticle synthesis and characterization
To test our hypothesis, we prepared L-glutathione reducedmodiﬁed
PEI NPs (GSH NPs). To determine the changes in the properties of NPs
due to additional coatings, we characterized the NPs using TEM, DLS,
ATR-FTIR, and zeta potential measurements. TEM micrographs of NPs
dispersed in distilled water are shown in Fig. 1, where we can see 10–
20 nm large cores.
DLS and zeta potentials were measured in distilled water and HAM
cell culture media. Dispersion in HAM increased the hydrodynamic di-
ameters of both NP types, which was further increased when NPs
were incubated in HAM + 10% FBS (Table 1), leading to formation of
protein corona and agglomeration of NPs. On average, hydrodynamic
diameters of NPs agglomerates in the medium with serum were 3 μm
for PEI NPs and 2.3 μm for GSH NPs (Table 1). Size distributions of PEI
NPs and GSH NPs are shown in Fig. 3. The values of zeta potential of
PEI NPs and GSH NPs in water suspension were 54 mV and 45 mV, re-
spectively. Zeta potential decreased in HAM cell culture medium to ap-
proximately 22 mV for both NPs (Table 1). ATR-FTIR measurements
conﬁrmed additional coatings of NPs between different steps of the syn-
thesis (Fig. 2A). Peak shiftswere obviouswhen Co ferrite NPswere coat-
ed with PAA and additionally coated with PEI. Modiﬁcation with
glutathione (GSH NPs) resulted only in minor changes of the spectra
(Fig. 2B).
3.2. Cell viability
Cell viability was determined 24 h after incubation with increasing
concentrations of PEI NPs and GSH NPs using two independent assays:
MTS viability assay and PI viability assay (Fig. 4). Both assays showedFig. 2. FTIRmeasurements. Samples were dried on the diamond crystal from solutions/dispersio
PAA, PEI, Co ferrite PAA NPs, PEI NPs and GSH NPs (A). ATR-FTIR spectra of PEI NPs and GSH Na similar concentration dependent decrease in viability, however, the
rate of decrease signiﬁcantly depended on NP-type. PEI NPs were
more cytotoxic than GSH NPs. For example, at 6 μg/ml NPs concentra-
tion, viability of cells determined by PI assay was 40.2% when exposed
to PEI NPs, and 84.7% when exposed to GSH NPs. MTS assay showed
even larger differences in viability of CHO cells exposed to PEI NPs and
GSH NPs at concentration 6 μg/ml: 30.8% and 87.4% respectively.
In order to analyze separately the potential reduction of NP cytotox-
icity by the glutathione present free (not bound to NPs) in the cell cul-
ture media we incubated the cells with increasing concentration of
glutathione in the media (0.05–500 μM) in absence or presence of
4 μg/ml PEI NPs (Fig. 5). Glutathione showed no signiﬁcant effect on vi-
ability of CHO cells exposed to 4 μg/ml PEI NPs in the concentration
range tested.3.3. Oxidative stress and total glutathione content
The effects of PEI NPs and GSH NPs on oxidative stress were deter-
mined by measuring ROS levels and intracellular total glutathione con-
tent after 24 h exposure (Fig. 6). Both PEI and GSHNPs induced ROS in a
concentration dependent manner. Regardless of NP-type, lower con-
centrations (2–6 μg/ml) did not induce ROS formation, while at higher
concentrations PEI NPs showed signiﬁcant increase in ROS compared
to the same concentrations of GSH NPs.
To further understand the effect of PEI NPs and GSH NPs on CHO
cells, levels of total glutathione (GSH + GSSG) were measured. In sam-
ples incubatedwith GSHNPs, total glutathione levelswere higher for all
tested concentrations compared to PEI NPs. With GSH NPs, total gluta-
thione concentration slowly decreased with increasing NPs concentra-
tion up to 8 μg/ml while for PEI NPs total glutathione concentration
dropped already at 4 μg/ml and then slowly decreased with increasing
NPs concentration until depletion at 8 μg/ml. Redox state of the cells
was closer to normal, when cells were exposed to GSH NPs compared
to PEI NPs.ns prior to ATR-FTIRmeasurements. ATR-FTIR spectra of cobalt ferrite NPs (Co ferrite NPs),
Ps in the 1800–1000 cm−1 region (B).
Fig. 3. Dynamic light scattering measurements of PEI NPs and GSH NPs. Particle number distributions in water (A), cell culture media (B) and cell culture media with 10% FBS (C) are
shown. Therewere no signiﬁcant differences between distributions of hydrodynamic diameters of PEI NPs andGSHNPs in cell culturemedia and cell culturemedia with 10% FBS. *p b 0.05.
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To analyze NP-membrane interaction and to determine the internal-
ization pathways and intracellular fate, SEM and TEM were performed.
SEM showed several NPs attached to the cell membrane already after
30 min of incubation (Fig. 7). Using TEM, we showed that both PEI
NPs and GSH NPs enter the cells with endocytosis, most probably with
macropinocytosis (Fig. 8A & B) and were found only inside the vesicles
of the endo-lysosomal system, most of which resembled late
endosomes (Fig. 8C & E) and amphisomes (Fig. 8D & F) already 2 hFig. 4. Viability of CHO cells exposed to different concentrations of PEI NPs and GSH NPs. Viab
results are presented as percentage of viable cells compared with the number of cells in the co
assay). Means with standard errors are shown (n = 3). **p ≤ 0.001; ***p ≤ 0.0001; **** p ≤ 0.00after internalization. Similarly, both types of NPs were mostly found in
vesicles which resembled amphisomes also after 24 h of incubation
(Fig. 8G & J). No NPs were found free in the cytosol or associated with
any other cell organelles.
3.5. Transfection of cells with PEI and GSH NPs as delivery vectors
To conﬁrm that GSH NPs can still be used as transfection vectors, we
compared transfection efﬁciencies of GSH and PEI NPs as delivery vec-
tors. Phase contrast and ﬂuorescent microscopy images of transfectedility was determined 24 h after exposure to NPs with PI assay (A) and MTS assay (B). The
ntrol sample (PI assay) or percentage viability determined with spectroﬂuorimetry (MTS
001.
Fig. 5. Viability of CHO cells exposed to different concentration of glutathione, PEI NPs or
both. Viability was determined 24 h after exposure with PI assay. PEI NPs with
concentration 4 μg/ml were used. The results are presented as percentage of viable cells
in each sample compared to the control sample. Means with standard errors are shown
(n = 3). There were no signiﬁcant differences between treatments and control samples.
17K. Strojan et al. / Toxicology in Vitro 41 (2017) 12–20cells are shown in Fig. 9. Both types of NPs showed relatively low but
comparable transfection efﬁciency, ranging from 2.0% and 1.3% at the
lowest NP-concentration to 5.1% and 7.3% at 8 μg/ml concentration for
PEI NPs and GSH NPs respectively (Figs. 9 & 10), with no signiﬁcant dif-
ferences in transfection efﬁciency between PEI NPs and GSH NPs.More-
over, there were no CHO cells expressing green ﬂuorescent protein
detected when the cells were exposed solely to PEI NPs, GSH NPs or
pGFP (Fig. 10).
4. Discussion
High cationic charge-density potentials and branched network en-
ables PEI to form complexes with DNA that can be used to transfect
cells (Boussif et al., 1995). PEI-coated magnetic NPs are therefore an ef-
fective tool for transfection and magnetofection (Mykhaylyk et al.,
2007; Scherer et al., 2002). However, very high surface charge of PEI is
also responsible for cytotoxicity of PEI NPs, which affects the cells main-
ly through two mechanisms: i) plasma membrane destabilization and
perturbation, (Fischer et al., 2003; Larsen et al., 2012; Moghimi et al.,
2005) and ii) lysosomal disruption that is based on the so called pro-
ton-sponge hypothesis (Behr, 1997; Benjaminsen et al., 2012). Reducing
cytotoxicity of PEI NPs would thus allow the use of higher NP-concen-
trations and possibly increase their applicability. Glutathione has al-
ready been used for NP-functionalization (Pan et al., 2011; Simpson et
al., 2013), but not in combination with PEI NPs or for reduction of
their cytotoxicity. Our hypothesis was that modifying PEI NPs with glu-
tathione could potentially hide the reactive amino groups on PEI andFig. 6. Oxidative stress induced by PEI NPs and GSH NPs. Increase in reactive oxidative species
measured 24 h after exposure of CHO cells to PEI NPs or GSH NPs. Means with standard errorsthus decrease the high surface charge and strong binding to the mem-
brane. Furthermore, anti-oxidative properties of glutathione could re-
duce the indirect damage caused by ROS.
FTIR analysis conﬁrmed changes of NPs surface after consecutive
coating with PAA and PEI (PEI NPs). Additional glutathione coating
(GSH NPs) resulted only inminor changes of the spectra, whichwas ex-
pected as glutathione formed an electrostatically bound corona that
only partially covered the surface. GSHNPs had signiﬁcantly smaller hy-
drodynamic diameter in distilled water (41 nm) compared to PEI NPs
(78 nm) which can be explained with additional electrostatic stabiliza-
tion of NPs with glutathione. Moreover, the zeta potential of GSH NPs
dropped from 54 mV to 45 mV.
Despite the initial differences between PEI NPs and GSH NPs, zeta
potential in HAM cell culture mediumwas similar for both NP formula-
tions. This can be explained by counter ion layer formation. Counter
layer formation is a complex function of NPs surface chemistry and dif-
ferent ions and macromolecules (e.g. salts and amino acids) present in
themedia. Counter layer was responsible also for the increase of hydro-
dynamic diameters of both NPs dispersed in HAM cell culture medium
compared to NPs dispersed in distilled water (Pavlin and Bregar,
2012). When NPs were suspended in HAM cell culture medium with
10% FBS, protein coronas formed around NPs due to relatively high ef-
fective surface potential (Treuel et al., 2015). Proteins destabilized NPs
and caused their agglomeration (Pavlin and Bregar, 2012). The differ-
ences in agglomeration in physiological conditions between PEI NPs
and GSH NPs were also clearly visible in TEM micrographs (Fig. 8).
Following internalization, GSH NPs showed signiﬁcantly increased
cell viability compared to PEI NPs (Fig. 4). The effect can be explained
with i) the observed reduction of zeta potential (Nimesh et al., 2006)
and ii) by antioxidant properties of glutathione. Moreover, to evaluate
if the effect was due to the presence of unbound glutathione in the
media alone, we incubated CHO cells with increasing concentration of
glutathione (Fig. 5). Additionally added glutathione in the media did
not increase viability of CHO cells when the cells were exposed to
4 μg/ml PEI NPs, proving that glutathionemust be bound to NPs already
during the synthesis procedure to reduce the cytotoxicity of PEI NPs.
The reduced cytotoxicity of GSH NPs compared to PEI NPs was fur-
ther conﬁrmed with signiﬁcantly lower ROS formation at the same NP
concentrations. Similarly, GSH NPs reduced the total glutathione
(GSH+GSSG) contents at a lower rate compared to PEI NPs, which co-
incided with ROS formation and further conﬁrmed the effect of the
boundglutathioneon the cells redox state and viability. Observed differ-
ence in the effects of glutathione present freely in the cell culture media
and the glutathione bound on the GSH NPs can be explained with the
utilization of different uptake mechanisms. In the case of glutathione
in the media, glutathione was primarily degraded and the products
were internalized by the cells, which was followed by intracellular(ROS) compared to control (A) and total glutathione content per mg of protein (B) were
are shown (n = 4). ns – not signiﬁcant (p N 0.05); *p ≤ 0.05; **p ≤ 0.001; **** p ≤ 0.00001.
Fig. 7. SEM of CHO cells exposed to PEI NPs and GSH NPs. CHO cells were exposed to 8 μg/ml of PEI NPs (B, E) or GSH NPs (C, F) for 30 min. Black arrows denote NPs on the surface of the
cells. Scale bars correspond to 10 μm in panels A–C and to 1 μm in panels D–F.
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the other hand, glutathione on GSH NPs entered the cells in its
completely functional, non-degraded form,most likely through the pro-
cess of macropinocytosis. After internalization, glutathione might haveFig. 8.TEMmicrographs of CHO cells exposed to PEI NPs andGSHNPs. CHO cellswere incubated
H, I, J). Scale bars correspond to 500 nm.dissociated from GSH NPs due to pH changes in lysosomes and per-
formed its antioxidant functions. Moreover, glutathione was present
at the site of NPs induced damage andwas therefore immediately avail-
able for enzymatically driven ROS scavenging processes.with 4 μg/ml PEINPs (A, C, D, G, H) or GSHNPs (B, E, F, I, J) for 2 h (C, D, E, F) or 24 h (A, B, G,
Fig. 9. Transfection of CHO cells with plasmid DNA encoding for green ﬂuorescent protein (pGFP). 8 μg/ml of PEI NPs or GSH NPs with pGFPwere used for transfection. From left to right:
phase contrast (A), Hoechst 33342 stained nuclei (B), PI stained nuclei (dead cells) (C), green ﬂuorescent protein positive (transfected) cells (D) and merge (E) are shown. Scale bar
corresponds to 45 μm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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to cell signaling, immune response, cell proliferation, apoptosis and
cell death (Jacob andWinyard, 2009). Its depletion is usually an indica-
tion of overloadof the antioxidant defense systems (Oberdörster, 2004).
Glutathione depletion can be mainly explained by protein
glutathiolation (Hill and Bhatnagar, 2007). When cells are exposed to
an oxidant challenge, abundance of glutathiolated proteins increases.
Adduction of glutathione to proteins may have a protective and repara-
tive role; glutathione could serve as a protective cap to blunt further re-
activity or trigger adaptive responses (Hill and Bhatnagar, 2007). In the
case of GSHNPs, excess of glutathione can non-enzymatically dethiolate
glutathiolated proteins, resulting in higher glutathione concentration in
CHO cells compared to cells exposed to PEI NPs.
Despite the changed surface properties, PEI NPs and GSH NPs
showed similar interactions with the cell membrane. They adhered to
the cell membrane already after 30 min of incubation (Fig. 7), entered
the cells through endocytosis (most probably macropinocytosis) (Figs.
8A & B) and were found in different vesicles of the endolysosomal sys-
tem, most of which resembled amphisomes (Fig. 8C & J), vesicles
formed by fusion of endosomes and autophagosomes. This is also in
agreement with previous studies showing that PEI polymer and PEI
NPs can induce autophagy (Gao et al., 2011), which is considered as
one of the mechanisms for cell survival under stress. Interestingly, no
PEI NPs or GSH NPs were found free in the cytosol or associated with
any other cell organelles even after 24 h of incubation in our experimen-
tal setup, as would be expected for NPs with the ability to escape theFig. 10. Transfection efﬁciency of PEI NPS and GSH NPs. Transfection efﬁciency on CHO
cells 24 h after transfection with pGFP using PEI NPs and GSH NPs. Means with standard
error are shown (n = 3). ns – not signiﬁcant (p N 0.05).lysosomes according to the proton sponge hypothesis (Behr, 1997;
Benjaminsen et al., 2012). Since our NPs are still able to transfect cells
(Figs. 9 & 10), at least the delivered plasmid DNA had to escape the ly-
sosomes and enter the nuclei, conﬁrming that a certain amount of lyso-
somal damage and leakage was present. Nevertheless, the amount of
escaped NPs might be too low to be detected using TEM. The lysosomal
escape might thus have been restricted to smaller molecules and not
bigger NP-agglomerates. This is also in agreement with other studies,
which showed that DNA detaches from NPs before entering the nuclei
(Cebrián et al., 2011), although NPs entering the nuclei have also been
observed previously (Siu et al., 2012; Thomas and Klibanov, 2003).
The efﬁciency of GSH NPs as delivery vectors was conﬁrmed by
transfection experiment. Transfection of cells with plasmid DNA
encoding green ﬂuorescent protein using PEI NPs and GSH NPs showed
similar efﬁciency (Fig. 10). We would like to stress that the transfection
served only as a proof of principle; transfection could be improved by
intensive optimization, which was not the focus of this study.
5. Conclusions
In conclusion, our results showed that glutathione modiﬁed PEI NPs
(GSH NPs) NPs were considerably less cytotoxic to CHO cells as PEI NPs.
The main mechanisms behind reduced cytotoxicity were i) reduced
membrane damage and ii) reduction of ROS formation. Cytotoxicity of
GSH NPs was reduced due to the antioxidant effect of glutathione, as in-
dicated by lower depletion of total glutathione levels and lower zeta po-
tential, which consequently decreased membrane damage. Moreover,
following internalization, NPs were only found in endosomal compart-
ments, indicating that any damage to the lysosomes either via proton
sponge effect or direct membrane damage did not result in release of
NPs into the cytosol.
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3.5. Članek 4: Povečana endocitoza magnetnih nanodelcev v rakaste urotelijske 
celice v primerjavi z normalnimi urotelijskimi celicami 
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Povzetek: Pregrada med krvjo in urinom je ena izmed najbolj neprehodnih pregrad v telesu in 
predstavlja problem za intravezikularen vnos učinkovin v mehur. Že nekaj časa je znano, da je 
stopnja endocitoze urotelijskih celic odvisna od stopnje diferenciacije, medtem ko so razlike v 
endocitozi normalnih in rakastih urotelijskih celic slabo raziskane. V tej študiji smo analizirali 
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NP internalization in cells or tissues based on fluorescence 
detection could be misleading and overestimated without 
TEM analysis. Our findings contribute to the understanding 
of endocytosis-mediated cellular uptake of NPs in cancer 
urothelial cells and reveal a highly selective mechanism to 
distinguish cancer and normal urothelial cells.
Keywords Urothelial models · Endocytosis · Uptake 
quantification · Toxicity · Selective uptake
Abbreviations
NP  Nanoparticle
PAA  Polyacrylic acid
RITC  Rhodamine B isothiocyanate
FBS  Foetal bovine serum
DLS  Dynamic light scattering
NPU  Normal porcine urothelial cells
T24  Human bladder invasive urothelial neoplasm cell 
line
RT4  Human bladder papillary urothelial neoplasm cell 
line
TEM  Transmission electron microscopy
AU  Arbitrary units
Introduction
Permeability studies of different tissues revealed that urothe-
lium, a stratified epithelium that lines the urinary tract, is 
the least penetrable epithelium found among mammalians. 
It prevents permeation of water, ions, solutes, and noxious 
agents back into the bloodstream and underlying tissues 
(Khandelwal et al. 2009). The blood–urine barrier performs 
the function of the tightest barrier in the body with at least 
three distinct mechanisms; (1) with high resistance tight 
Abstract The blood–urine barrier is the tightest and most 
impermeable barrier in the body and as such represents a 
problem for intravesical drug delivery applications. Dif-
ferentiation-dependent low endocytotic rate of urothelial 
cells has already been noted; however, the differences in 
endocytosis of normal and cancer urothelial cells have not 
been exploited yet. Here we analysed the endocytosis of rho-
damine B isothiocyanate-labelled polyacrylic acid-coated 
cobalt ferrite nanoparticles (NPs) in biomimetic urothelial 
in vitro models, i.e., in highly and partially differentiated 
normal urothelial cells, and in cancer cells of the papillary 
and invasive urothelial neoplasm. We demonstrated that 
NPs enter papillary and invasive urothelial neoplasm cells 
by ruffling of the plasma membrane and engulfment of NP 
aggregates by macropinocytotic mechanism. Transmission 
electron microscopy (TEM) and spectrophotometric analy-
ses showed that the efficacy of NPs delivery into normal 
urothelial cells and intercellular space is largely restricted, 
while it is significantly higher in cancer urothelial cells. 
Moreover, we showed that the quantification of fluorescent 
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junctions, which prevent paracellular passive diffusion, (2) 
with unique apical plasma membrane of superficial urothe-
lial cells, covered by proteins uroplakins (Moll et al. 1995; 
Sun et al. 1996), and (3) by hindering the transcellular trans-
port through low levels of endocytosis/exocytosis and trans-
cytosis (Lasič et al. 2015).
Previously, we have shown that the endocytotic activity 
of superficial urothelial cells of normal tissue is inversely 
related to their differentiation stage (Kreft et al. 2009b). 
We found that in highly differentiated urothelial cells with 
strong expression of uroplakins, the constitutive endocytosis 
of fluid-phase and membrane-bound endocytotic markers 
is significantly lower compared to partially differentiated 
cells with weak uroplakin expression. Recently, we have 
demonstrated that the apical endocytosis is impaired in 
highly differentiated urothelial cells due to the physiologi-
cal differentiation-dependent redistribution and reorganiza-
tion of actin filaments and microtubules. Importantly, this 
reduced apical endocytosis together with the formation of 
rigid urothelial plaques, reinforces the barrier function of 
the urothelium and is as such a crucial mechanism against 
internalization of potentially toxic substances from urine 
(Tratnjek et al. 2017).
Bladder cancer presents one of the most frequently occur-
ring cancers in developed countries. It is the fourth most 
common cancer in males and the eighth in females (Kirkali 
et al. 2005) and normally appears in the form of several focal 
tumours scattered through the urothelium of the whole blad-
der (Habuchi 2005; Jerman et al. 2015). It is usually treated 
with transurethral tumour resection, cystectomy, radiation 
treatment and/or chemotherapy, however there is a high risk 
of recurrence (Kaufman 2006; Herr et al. 2007).
Drug loaded nanoparticles (NPs) have also been sug-
gested as a treatment for bladder cancer (Tomlinson et al. 
2015). Numerous different NPs have so far been designed 
for cancer treatment as carrier vectors for drugs and/or diag-
nostic agents. Encapsulation into NPs protects the drug from 
degradation, enhances its solubility and enables controlled 
release in cancerous tissue (Mudshinge et al. 2011; Sun 
et al. 2014). Moreover, NPs enable targeted drug delivery, 
either passively, through enhanced permeability and reten-
tion effect, or actively by conjugating NPs to a tissue or cell 
specific ligand, although both approaches still face several 
problems (Bae and Park 2011). Alternatively, catheters can 
be used to infuse NPs to the target organ or tissue, such as 
intravesical therapy (i.e., drug administration through ure-
thra directly into the bladder), reducing the adverse effects 
of drugs compared to systemic administration (Nirmal et al. 
2012).
For treatment of bladder cancer, NPs have been designed 
to deliver chemotherapeutic drugs (Kim et al. 2008; Bilen-
soy et al. 2009; Chang et al. 2009; Tsallas et al. 2010; Lu 
et al. 2011; Mugabe et al. 2011; Erdoğar et al. 2012; Chen 
et al. 2012; Neutsch et al. 2013a; Lin et al. 2013), DNA 
(Horiguchi et  al. 2000; Matsumoto et  al. 2011), RNA 
(Nogawa et al. 2005; Seth et al. 2011; Kang et al. 2012; 
Wei et al. 2013; Martin et al. 2014), proliferation-inhibiting 
cytokines (Killion et al. 1989; Frangos et al. 1990), bacte-
rial components (Nakamura et al. 2014; Erdoğar et al. 2015) 
and other therapeutic and imaging molecules (Chihara et al. 
2007; Lin et al. 2012; Yang et al. 2012; Huang et al. 2012; 
Martin et al. 2013). NPs have also been proposed for appli-
cations of photodynamic therapy (Derycke et al. 2004; Guo 
et al. 2010; Yan et al. 2013; Imani et al. 2015). For targeted 
delivery to bladder cancer cells, different ligands have been 
used, such as lectins (Neutsch et al. 2013a, b), transferrin 
(Derycke et al. 2004), cyclic RGDfK peptide (Zhou et al. 
2013) or PLZ4 (cyclic peptide with amino acid sequence 
cQDGRMGFc) (Lin et al. 2012, 2013). Also, magnetic tar-
geting has been applied for delivery of magnetic NPs with 
encapsulated doxorubicin (Leakakos et al. 2003).
In vivo studies demonstrated that complexation or encap-
sulation of cytotoxic agents into different NPs (liposomes, 
polymeric NPs) can improve the efficiency of intravesical 
therapy (Kim et al. 2008; Lu et al. 2011; Mugabe et al. 
2011; Chen et al. 2012; Kang et al. 2012; Martin et al. 2013; 
Erdoğar et al. 2015). Moreover, certain NP formulations are 
already used in preclinical and clinical studies (Sun et al. 
2014) such as PEGylated liposomal doxorubicin (Winquist 
et al. 2003) or albumin-bound paclitaxel (McKiernan et al. 
2011; Ko et al. 2013).
Intravesical therapy enables local delivery of drugs in 
high concentrations and has become an important area for 
further development of applications in treatment and diag-
nostics. However, this mode of delivery still faces problems 
such as low permeability of urothelial tissue and low resi-
dence time of drugs or NPs in the bladder (Nirmal et al. 
2012). Comprehensive knowledge of urothelial physiology 
and different alterations of barrier tightness would thus help 
to improve and develop new intravesical drug and NP based 
therapies. Previously, we have shown that the endocytotic 
activity of superficial urothelial cells of normal tissue is 
inversely related to their differentiation stage (Kreft et al. 
2009b) and could also present a possible mechanism for pas-
sive targeting of de-differentiated cancer cells by NPs.
In order to improve NP based strategies for intravesical 
drug delivery and/or detection of cancer cells, it is impor-
tant to understand (1) the endocytotic activity of cancer 
cells compared to normal cells and (2) the intensity of NPs 
uptake and their intracellular fate in a relevant tissue model. 
With this purpose and in order to reduce animal studies, 
we used our previously established urothelial in vitro mod-
els that have a good transferability to animal and human 
studies. They are appropriate for studying urothelial drug 
candidates as well as evaluating drug permeability and their 
intracellular function (Resnik et al. 2015; Višnjar and Kreft 
Histochem Cell Biol 
1 3
2015). Four urothelial in vitro models were used: (1) nor-
mal urothelial model with highly differentiated urothelial 
cells, (2) normal urothelial model with partially differen-
tiated urothelial cells, (3) model of human bladder papil-
lary urothelial neoplasm, and (4) model of human invasive 
urothelial neoplasm.
The aim of the present study was to compare the inter-
nalisation of rhodamine B isothiocyanate (RITC)-labelled 
polyacrylic acid (PAA)-coated cobalt ferrite NPs into normal 
vs cancer urothelial cells, and to determine NP distribution 
in these multi-layered biomimetic tissue models. The RITC-
labelled PAA NPs were selected as model magnetic NPs 
with well-characterised properties and suitable for visualisa-
tion (Pavlin and Bregar 2012; Bregar et al. 2013). We used 
spectrofluorometric analysis and extensive TEM analysis to 
quantify NP internalization, presence of NPs in the intercel-
lular space and to determine transurothelial permeability for 
RITC-labelled PAA NPs. We showed that NPs were inter-
nalised in high quantities into urothelial cancer cells, while 
no internalisation was observed in normal, non-cancerous 
urothelial cells. Our results thus demonstrate that endocyto-
sis-mediated cellular uptake of NPs in cancer urothelial cells 
enables highly selective mechanism to distinguish cancer 
and normal urothelial cells.
Materials and methods
Nanoparticle synthesis and characterization
Cobalt ferrite (Co-ferrite,  CoFe2O4) NP cores were prepared 
by co-precipitation method and stabilized in water to obtain 
a stable NP dispersion (ferro fluid) as described previously 
(Tourinho et al. 1990; Campelj et al. 2008; Bregar et al. 
2010). NPs were coated in situ with 45% (w/w) water solu-
tion of polyacrylic acid (sodium salt) (PAA) with molecu-
lar weight of 8 kDa (Sigma-Aldrich GmbH, Diesenhofen, 
Germany) by mixing equal volumes of 30 mg/ml ferro fluid 
and 30 mg/ml PAA water solution (Prijic et al. 2012; Bre-
gar et al. 2013). NPs were electrostatically labelled with 
red fluorescent dye rhodamine B isothiocyanate (RITC; 
Sigma-Aldrich) by adding excess dye dissolved in water 
to NP suspension, left for 10 min to allow the dye to bind 
and then dialysed against distilled water for 24 h to remove 
unbound dye. RITC-labelled PAA NPs were sonicated, steri-
lized and larger agglomerates were removed by filtration 
(Cellulose acetate syringe filter, pore size 0.2 µm) (Sartori-
ous AG, Goettingen, Germany).
For characterization of RITC-labelled PAA NPs we used 
Zeta meter and dynamic light scattering (DLS) (Malvern 
Zetasizer Nano ZS, Malvern Industries, Worcestershire, UK) 
with NIBS 173° Backscatter algorithm. Z-average size, poly-
dispersity index (PDI) and hydrodynamic diameter based 
on particle number distribution are reported. Polydispersity 
index describe the width of intensity distribution (the pri-
mary output of the DLS technique) and Z-average represents 
the mean of the intensity distribution. NPs were character-
ized in distilled water and in the cell culture media with 5% 
FBS that were also used for herein described in vitro NP 
uptake experiments (see Table 1).
Normal and cancer urothelial models
The cells in all four in vitro urothelial models were cultured 
in the following culture media. Human bladder papillary 
urothelial neoplasm (RT4) and invasive urothelial neoplasm 
(T24) cells were grown in A-DMEM/F12 (1:1) (Gibco), 5% 
foetal bovine serum (FBS; Gibco) (FBS), 4 mM GlutaMAX 
(Gibco), 100 U/ml penicillin, and 100 µg/ml streptomycin 
and were maintained at 37 °C in a humidified 5%  CO2 
atmosphere for 1 week before experiments. Depending on 
the desired state of urothelial differentiation, normal primary 
urothelial (NPU) cells were grown in variations of the UroM 
medium, prepared as described below (Višnjar et al. 2012).
Primary and secondary cultures of NPU cells were 
established from two porcine urinary bladders (biological 
replicates), which were obtained from a local abattoir, as 
described previously (Kreft et al. 2005). Briefly, each por-
cine urinary bladder was cut in into stripes and urothelial 
cells were gently scraped with a scalpel blade. Cells were 
seeded in tissue culture flasks and grown in UroM medium. 
UroM medium consisted of equal parts of MCDB153 
Table 1  Zeta potential and 
dynamic light-scattering (DLS) 
measurements of PAA-coated 
cobalt ferrite NPs, non-labelled 
or labelled with rhodamine B 
isothiocyanate (RITC)
Z-average size, polydispersity index (PDI) and hydrodynamic diameter based on particle number distribu-
tion were measured in the distilled water and the cell culture medium containing 5% FBS (Foetal bovine 
serum). Mean and standard deviation are shown for five measurements of the same NP batch
a Based on particle number distribution
NP type Suspension media Z-average 
size (nm)
Hydrodynamic 
diameter (nm)a
PDI Zeta potential (mV)
PAA Water 82 ± 2 51 ± 8 0.18 ± 0.02 −53 ± 2
Medium 83 ± 2 32 ± 6 0.23 ± 0.02 −27 ± 2
RITC-PAA Water 80 ± 1 44 ± 7 0.18 ± 0.01 −29 ± 3
Medium 83 ± 1 41 ± 10 0.23 ± 0.01 −27 ± 1
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medium (Sigma-Aldrich) and A-DMEM (Invitrogen), and 
was supplemented with 0.1  mM phosphoethanolamine 
(Sigma-Aldrich), 15 µg/ml adenine (Sigma-Aldrich), 0.5 µg/
ml hydrocortisone (Sigma-Aldrich), 5 µg/ml insulin (Sigma-
Aldrich), 4 mM GlutaMAX (Gibco), 100 µg/ml streptomy-
cin, and 100 µg/ml penicillin. Passages IV to X of urothe-
lial cells were used for experiments at a seeding density of 
2 × 105 cells/cm2.
To obtain the partially differentiated urothelial model 
(partially diff. NPU), the normal porcine urothelial cells 
were maintained in UroM medium with 0.9 mM calcium 
concentration and 2.5% FBS, i.e., UroM (−Ca2+ + SFBS) 
until confluence. For the establishment of the highly differ-
entiated urothelial model (highly diff. NPU), which resem-
bles normoplastic urothelium in vivo, cells were grown in 
UroM medium without FBS and with physiological cal-
cium concentration of 2.5 mM, i.e., UroM (+Ca2+ − SFBS) 
(Višnjar et al. 2012). Both urothelial models were main-
tained at 37 °C in a humidified 5%  CO2 atmosphere for 
3 weeks before experiments.
All NP incubation experiments were performed in the 
same culture medium as used for establishment/differentia-
tion of urothelial cell models.
The experiments with urothelial cells were approved by 
the Veterinary Administration of the Slovenian Ministry 
of Agriculture and Forestry in compliance with the Ani-
mal Health Protection Act and the Instructions for Granting 
Permits for Animal Experimentation for Scientific Purposes.
Cell viability
Due to multilayer nature of urothelial models, Trypan blue 
viability assay was used to determine the viability of urothe-
lial cells after NP exposure. Cells were grown in 6-well 
plates until urothelial models were established and then 
incubated with 100 µg/ml RITC-labelled PAA NPs for 24 h. 
After incubation, cells were washed to remove non-inter-
nalized NPs, trypsinized until all cells were detached and 
following manufacturer’s instructions immediately stained 
with Trypan blue dye, which labels only dead cells. Live 
and dead cells were than counted manually under inverted 
light microscope (Leica). The percentage of viable cells (% 
Viability) in a given sample was determined as the ratio 
between the number of viable cells in the sample (NS) and 
the number of all cells in the non-treated control (N0) for 
each cell model: % Viability = 100 × NS/N0. Two independ-
ent experiments were conducted, each in three technical 
repeats for each urothelial model.
Transmission electron microscopy
Cells from the transurothelial permeability experiment were 
used for TEM analysis. Cells were incubated with 100 µg/
ml RITC-labelled PAA NPs for 1 or 3 h at 16 or 37 °C, 
washed to remove non-internalized NPs and cultured for 
additional 48 h. Then the samples were fixed with a mixture 
of 3% paraformaldehyde and 3% glutaraldehyde in 0.1 M 
cacodylate buffer overnight at 4 °C and subsequently in 2% 
osmium tetraoxide for 1 h at room temperature. Samples 
were stained en bloc with 2% uranyl acetate for 1 h, dehy-
drated in a graded series of ethanol solutions and embed-
ded in Epon 812 resin (Serva Electrophoresis, Heidelberg, 
Germany). Semi-thin (1 µm) and ultra-thin (65 nm) sections 
were cut using an Ultracut UCT microtome (Leica, Austria). 
Semi-thin sections were contrasted with toluidine blue and 
examined under the light microscope to determine the posi-
tion of cells. Ultra-thin sections were contrasted with uranyl 
acetate and lead citrate, and examined with a Philips CM100 
TEM for cell ultrastructure, and the analyses of endocytosis 
and NP uptake.
Quantitative analysis of NP uptake
For fluorescence measurements using a spectrofluorometer, 
highly and partially differentiated NPU cells, T24 and RT4 
cells were grown in 24-well plates (Corning) and incubated 
with 100 μg/ml RITC-labelled PAA NPs in cell culture 
medium for different time intervals (0, 2, 6, 12, 24 and 48 h) 
at 37 and 16 °C. The control sample was incubated with 
the appropriate volume of the dialysate water to account 
for unbound RITC. After the incubation, cells were washed 
to remove non-internalized NPs. RITC fluorescence inten-
sity (correlating with the quantity of internalized NPs) was 
measured using Tecan Infinite 200 (Tecan, Männedorf, Swit-
zerland). Fluorescence intensity of the control sample was 
subtracted from the sample fluorescence and the obtained 
data was normalized to the maximal measured fluorescence 
(highest observed NP uptake in RT4 cells after 24 h incu-
bation). Three independent experiments were performed in 
four technical repeats for each urothelial model.
For TEM analysis, the high-quality micrographs were 
assessed independently by two of the authors. The authors 
had no prior knowledge about the cell type, and how long 
and at which temperature the cells were incubated with NPs. 
We conducted two independent experimental repeats (the 
first one with one and the second one with two technical 
repeats) for each urothelial model. At least 15 TEM micro-
graphs of 350 μm2 surface (with 1–5 cells per micrograph 
depending on the urothelial model) were acquired. Using 
Photoshop CS5 Extended (Adobe Systems, CA, USA), the 
Magic Wand tool and the Record Measurements function, 
the surface area of urothelium (urothelial cells and intercel-
lular space), urothelial cells per se, intercellular space per 
se, NPs intracellularly and NPs intercellularly, was meas-
ured and analysed for each individual urothelial model. The 
percentage (quantity) of NPs was calculated as fractions of 
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measured surface area of NPs against urothelium surface 
area (cell surface and intercellular space) or against cell sur-
face in the same micrograph.
Quantification of transurothelial permeability
The RT4, T24 and NPU cells were grown on porous mem-
branes (BD Falcon, 0.4 µm pore size) of culture inserts in 
12-well plates (BD Falcon) until urothelial models were 
established. Cells were then incubated with 100  µg/ml 
RITC-labelled PAA NPs for 1 or 3 h at 16 and 37 °C, then 
washed to remove non-internalized NPs. Simultaneously, 
medium samples were removed from the lower transwell 
chamber (underneath the porous membrane) at different 
time-points (0, 1, 3, 6, 12, 24 and 48 h after incubation) and 
replaced with fresh medium. The collected samples were 
measured for RITC intensity using Tecan Infinite 200 spec-
trofluorometer and compared to the measurements of the 
concentration curve to obtain the quantity of NPs that passed 
the urothelial models in a given time interval. Controls were 
incubated with the appropriate amount of the last dialysate 
buffer to account for free RITC. NPs could freely pass the 
porous membrane (NP hydrodynamic radius was <60 nm). 
Three independent experiments in four experimental repeats 
were performed for each urothelial model.
Statistics
If not stated otherwise, results are presented as mean and 
standard error. One-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post hoc test was performed to test for 
differences among groups. Statistical analyses were carried 
out with GraphPad Prism (v6; GraphPad Software, Inc., La 
Jolla, CA, USA). Statistical significance is displayed as fol-
lows: ns—not significant (P > 0.05); *P ≤ 0.05; **P ≤ 0.01; 
***P ≤ 0.001.
Results
The scope of this study was to analyse the differences in 
the uptake of RITC-labelled polyacrylic acid (PAA)-coated 
magnetic NPs into highly and partially differentiated normal 
porcine urothelial cells (NPU), papillary urothelial neoplasm 
RT4 cells, and invasive urothelial neoplasm T24 cells and 
to evaluate this mechanism for estimating the selective NP 
uptake into cancer cells.
Nanoparticle characterization
The study was conducted with previously designed PAA-
coated Co-ferrite NPs (Bregar et  al. 2010; Pavlin and 
Bregar 2012) as a model NP type, specifically developed 
for biotechnological applications. The PAA coating con-
fers high stability also in physiological media, as well as 
allows further functionalization (Pavlin and Bregar 2012). 
Approximately 16 nm cobalt ferrite NP cores were func-
tionalised with negatively charged PAA to obtain approxi-
mately 51 nm (hydrodynamic diameter) NPs in distilled 
water. Incubation of NPs in cell culture media with FBS 
decreased their hydrodynamic radius to 32 nm. Similarly, 
zeta potential increased from approximately −53  mV 
in distilled water to −26 mV in cell culture media with 
FBS (Table 1). RITC-labelling did not affect NP size, but 
reduced the absolute zeta potential due to dye binding in 
water suspension. Following incubation in cell culture 
media and formation of protein corona, both labelled and 
unlabelled NPs exhibited the same size and zeta potential 
(Table 1). More detailed characterization and explanations 
of NP stability can be found elsewhere (Bregar et al. 2010; 
Pavlin and Bregar 2012; Bregar et al. 2013; Lojk et al. 
2015; Strojan et al. 2017).
Cell viability
To determine the effects of NP exposure on the cell viability, 
Trypan Blue viability test was performed. The assay was 
selected due to multilayer nature of the urothelial models, 
which do not permit the use of calorimetric or microscopic 
techniques that analyse only the uppermost layer of the 
in vitro models. After 24 h exposure, no statistically sig-
nificant changes were observed, however there was a slight 
increase in number of RT4 cells. The presence of NPs did 
not affect normal or T24 urothelial models (Fig. 1).
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Fig. 1  Viability of urothelial models after 24 h exposure to 100 µg/
ml of RITC-labelled PAA NPs for highly differentiated normal por-
cine urothelial cells (highly diff. NPU), partially differentiated normal 
porcine urothelial cells (partially diff. NPU), human bladder papillary 
urothelial neoplasm (RT4) and invasive urothelial neoplasm (T24) 
cells. Viability was determined with Trypan blue staining. The results 
are presented as percentage of viable cells compared with the number 
of all cells in the control sample for each cell type. Mean and stand-
ard error are shown for two independent experiments each with at 
least three technical repeats
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Differential nanoparticle uptake into normal vs cancer 
urothelial models determined with spectrofluorometry
To quantify NPs uptake using spectrofluorometry, we 
cultured the four urothelial models in 24 well plates and 
exposed them to 100 µg/ml of RITC-labelled PAA NPs for 
different time periods (1, 3, 6, 12 and 24 h). After incuba-
tion, cells were washed to remove non-internalized NPs and 
the average fluorescence intensity was measured using Tecan 
Infinite 200 spectrofluorometer. The obtained fluorescence 
intensity in each experiment was normalized to the fluores-
cence intensity of RT4 cells at 24 h incubation, which was 
the highest fluorescence intensity (the highest NP uptake) 
obtained in the first experiment and retained for all follow-
ing experiments independently of which cell model had the 
highest uptake later.
The results showed time-dependent increase in the fluo-
rescent intensity (Fig. 2a) that is correlated with the amount 
of present NPs. The two cancer urothelial models, papil-
lary neoplasm (RT4) and invasive neoplasm (T24), showed 
similar and much higher fluorescence intensity compared to 
normal highly and partially differentiated urothelial mod-
els, indicating a higher quantity of internalized NPs. The 
increase in fluorescence intensity for T24 and RT4 cells was 
the highest in the first hour after incubation and lowered with 
longer incubation time, most probably due to cells gradu-
ally approaching the limit of uptake capacity. The NPs were 
taken up through energy dependent endocytotic process, as 
indicated by the significantly diminished uptake at 16 °C 
(Fig. 2b). The obtained differences in NPs uptake between 
highly and partially differentiated urothelial models and 
cancerous models was further analysed with fluorescence 
microscopy (Fig. 2c). Interestingly, we have observed no 
fluorescent NPs present in NPU cells, while internalised NPs 
were clearly visible in T24 and RT4 cancer cells (Fig. 2c), 
indicating that NPs were internalised only into cancer cells.
Nanoparticle uptake quantification and nanoparticle 
distribution in the urothelial models determined 
by TEM
To further analyse and quantify NPs uptake and to deter-
mine, if there is any interdependence between distribution of 
NPs and the differentiation stage of urothelial cells or their 
carcinogenic potential, TEM was applied. All four urothelial 
models were incubated with 100 μg/ml RITC-labelled PAA 
NPs for 1 or 3 h, and then washed to remove free NPs. After 
additional 48 h of culturing, the models were fixed for TEM. 
Percentage of the total NPs surface in TEM micrographs was 
used as a measure of NPs uptake.
Compared to spectrofluorometry, an even more pro-
nounced difference in the uptake between the normal and 
both cancerous urothelial models was obtained with TEM 
analysis. There was a significant NP uptake into invasive 
urothelial neoplasm (T24) and papillary urothelial neoplasm 
(RT4) cells, while no NPs were found in highly or partially 
differentiated NPU cells (Fig. 3), similarly as observed with 
fluorescence microscopy. Additionally, TEM allowed us 
to distinguish between actually internalized NPs and NPs 
caught in the intercellular space. High quantities of NPs 
were observed in the intercellular space of T24 urothelial 
models. This indicates that the spectroscopically measured 
uptake in T24 urothelial model was a combination of inter-
nalized NPs and NPs caught in the intercellular space, which 
were thus available for internalization even after the NPs on 
the urothelial surface were removed (Fig. 4).
Based on TEM micrographs of RT4 and T24 models, 
we also analysed NPs endocytosis and intracellular traffick-
ing. In both cancerous urothelial models, NPs were taken 
up by endocytosis as small aggregates, most probably with 
macropinocytosis (Fig. 5a, b) and underwent intracellular 
endo-lysosomal pathway, as suggested by NPs observed in 
different endosomal compartments (Fig. 5c–f). No NPs were 
found free in the cytosol or associated with other intracel-
lular organelles.
Nanoparticle transurothelial permeability
To determine the ability of PAA NPs to permeate the normal 
and cancer urothelial models, the cells grown in transwell 
chambers were incubated with 100 µg/ml RITC-labelled 
PAA NPs for 1 or 3 h. NPs were then removed from the 
upper transwell chamber to simulate potential intravesical 
treatment applications. Transurothelial permeability was 
assessed at different time points up to 48 h after incuba-
tion by measuring the fluorescence intensity in the lower 
transwell chamber (NPs that passed through the urothelial 
barrier) (Fig. 6).
Both normal urothelial models showed no or minimal 
NP urothelial permeability. The measurements varied from 
minus to plus 2 µg/ml, indicating that the measured results 
were close to the sensitivity of the method (background 
noise) and the measurement accuracy might vary for ±2 µg/
ml. On the other hand, there was a significant time-depend-
ent increase in fluorescence intensity in the lower chambers 
of papillary neoplasm (RT4) and invasive neoplasm (T24) 
urothelial models, indicating that the cancerous urothelial 
models are much more permeable, allowing the NPs to also 
reach lower cell layers in the urothelial model and could thus 
potentially also reach lower tissue layers in vivo.
Discussion
Normal, differentiated urothelial cells have an extremely 
low level of endocytotic activity, which importantly 
Histochem Cell Biol 
1 3
contributes to the low permeability of the blood–urine bar-
rier (Kreft et al. 2009a, b). This extreme impermeability 
of the urothelium represents, together with urine diluting 
and washing the drug out, the primary obstacle for drug 
delivery in the intravesical therapy (Nirmal et al. 2012; 
Lasič et al. 2015). However, our in vivo studies showed 
that internalization of gold NPs (used as physiological 
markers of urine internalization) is inversely proportional 
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Fig. 2  Spectrofluorometric quantification of time-dependent uptake 
of RITC-labelled PAA NPs in four urothelial models. 100  µg/ml 
rhodamine B isothiocyanate (RITC)-labelled PAA-coated NPs were 
incubated with highly differentiated normal porcine urothelial cells 
(highly diff. NPU), partially differentiated normal porcine urothe-
lial cells (partially diff. NPU), human bladder papillary urothelial 
neoplasm (RT4) and invasive urothelial neoplasm (T24) cells for 
different time intervals. The control sample was incubated with the 
appropriate volume of the dialysate water. NP uptake was quantified 
spectrofluorometrically by measuring RITC fluorescence intensity. 
a Internalization timeline of RITC-labelled PAA NPs into the four 
urothelial models at 37 °C. Fluorescence intensity of the control sam-
ple was subtracted from sample fluorescence and obtained data was 
normalized to the maximal measured fluorescence (highest observed 
NP uptake; RT4 after 24 h incubation). Data are displayed as mean 
and standard error of ratio of the maximal NP uptake for three inde-
pendent experiments. b Comparison of RITC fluorescence intensity 
after 24 h incubation with RITC-labelled PAA NPs in the four urothe-
lial cell models at 16 and 37 °C. c Fluorescence images of the four 
urothelial cell models after 24 h incubation with RITC-labelled PAA 
NPs. Scale bar corresponds to 30 µm in images with smaller magnifi-
cation and to 2 µm in higher magnification images
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to the differentiation stage of the superficial urothelial 
cells (Hudoklin et al. 2013), and in vitro studies showed 
that liposomes are internalized in urothelial cancer cells 
via endocytosis (Homhuan et al. 2008; Rajaganapathy 
et al. 2015). Despite this, the differences in endocytotic 
activity between cancer and normal urothelial cells were 
so far not analysed and quantified, which was the goal of 
our present study.
In order to analyse the mechanisms and to quantify the 
differences in uptake between different urothelial models, 
we used our previously developed magnetic RITC-labelled 
PAA-coated Co-ferrite NPs (Pavlin and Bregar 2012; Bre-
gar et al. 2013) as a model NP-platform without therapeutic 
properties per se. These NPs were selected because they 
easily enter the cells in high concentrations, are short-term 
nontoxic in in vitro cell cultures, and have an electron dense 
core. This enables us to follow NP internalization and to 
easily visualize the NPs with TEM and the fluorescence 
microscope without further interfering with the cell sys-
tems (Bregar et al. 2013; Lojk et al. 2015). Additionally, 
inherent properties of our PAA-coated NPs, such as their 
negative zeta potential (−53 mV), enabled enhanced stabil-
ity of NPs in biologically relevant media, as confirmed with 
the relatively small PDI values and their high stability also 
in physiological media (Table 1) (Pavlin and Bregar 2012; 
Strojan et al. 2017).
Human muscle-invasive urothelial neoplasm (T24) cell 
line, derived from an urinary bladder carcinoma grade III 
(Bubeník et al. 1973) and papillary neoplasm (RT4) cell 
line, derived from papillary differentiated transitional cell 
carcinoma (Rigby and Franks 1970), were used as model 
of cancerous tissue. Both models consists of several layers 
of poorly connected cells, however the large intercellular 
spaces are prevalent only in T24 cell model (Figs. 4, 7). Con-
ventional treatments of bladder cancer often fail to remove 
all such cancer cells, which then spread within the normal 
urothelium, where they are protected from chemotherapeutic 
drugs by the tight blood–urine barrier of normal urothelial 
cells (Fig. 7) and are supposedly responsible for the relapse 
of bladder tumours (Wientjes et al. 1993).
Normal porcine urothelial (NPU) cells were used as con-
trol cells. They morphologically and physiologically closely 
resemble normal human urothelium (Föllmann et al. 2000; 
Turner et al. 2008; Zupancic and Romih 2013; Tonsho et al. 
2014; Resnik et al. 2015). The NPU cells can reach a high 
level of differentiation, similar to the urothelium in vivo, 
with strong expression of uroplakins and prominent tight 
junctions, and thus represent a suitable model of a healthy, 
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Legend for panels B-E:
A Intercellular space Endocytosed NPs / urothelial cells C Endocytosed NPs / urothelium
D NPs in the intercellular space / urothelium E All NPs caught in the urothelium / urothelium
B
Fig. 3  Quantification of a intercellular space of normal and cancer 
urothelial models, b endocytosed nanoparticles (NPs) expressed as 
fraction of cell surface area (s.a.), c endocytosed NPs expressed as 
fraction of urothelium s.a. (cell surface and intracellular space), d 
NPs in the intercellular space expressed as fraction of urothelial s.a. 
and e all NPs caught in the urothelium (endocytosed and present in 
the intercellular space) expressed as fraction of urothelium s.a. for 
four urothelial models using TEM. Highly differentiated normal por-
cine urothelial cells (highly diff. NPU) and partially differentiated 
normal porcine urothelial cells (partially diff. NPU), human bladder 
papillary urothelial neoplasm (RT4) and invasive urothelial neoplasm 
(T24) cells were incubated with 100  µg/ml rhodamine B isothio-
cyanate (RITC)-labelled PAA NPs for 1 or 3 h at 37 or 16 °C. The 
control samples were incubated with the appropriate volume of the 
dialysate water. Percentage of NP surface in TEM micrographs was 
used as a measure of NP uptake and expressed relative to the cell or 
urothelium s.a. in the same micrograph. Data are displayed as mean 
and standard error for two independent experimental repeats
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Fig. 4  Semi thin sections (a–d) and TEM micrographs (e–j) of a, 
e highly and b, f partially differentiated normal porcine urothelial 
(NPU) cells, c, g human bladder papillary urothelial neoplasm (RT4) 
cells and d, h–j invasive urothelial neoplasm (T24) cells after 3  h 
incubation with RITC-labelled PAA NPs at 37 °C. Note that no NPs 
are found in highly or partially differentiated NPU cells. Cell junc-
tions are significantly less developed and intercellular space is much 
larger in T24 than in RT4 and NPU models. NPs are mainly found 
intracellularly in RT4 cells and in T24 cells at the apical surface 
(thick arrow in h), in intercellular space (arrow in i) and intracellu-
larly (arrows in j). Scale bars correspond to 10 µm in a–d and 5 µm 
in e–j 
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normal urothelial tissue. Additionally, we analysed a par-
tially differentiated urothelial model, with partially formed 
tight junctions, i.e., less prominent overlapping of adjacent 
apical plasma membrane at the borders of superficial urothe-
lial cells, and higher proliferation rate (Višnjar et al. 2012; 
Višnjar and Kreft 2013, 2015).
The uptake of NPs in the four urothelial models was 
analysed using two methods; (1) by quantification of NP 
fluorescence intensity using spectrofluorometry and (2) by 
analysis of TEM micrographs. The results obtained with 
spectrofluorometry indicated that the two urothelial cancer 
cell models (T24 and RT4) showed a much higher NP uptake 
(approx. 2.5 times) compared to the normal urothelial cell 
models (Fig. 2). But importantly, a much higher difference in 
NPs uptake between normal and cancer urothelial cells was 
clearly observed with TEM. There was a considerable uptake 
through endocytosis (Fig. 5) in both cancerous RT4 and T24 
cells while there was practically no uptake in highly and 
partially differentiated NPU cells. This is in agreement with 
the fact that defective endocytosis and altered intracellular 
trafficking are regarded as one of hallmarks of malignant 
cells (Mosesson et al. 2008), which may also result in higher 
endocytotic uptake of NPs in certain cancers (Palaniyandi 
et al. 2012). On the other hand, differentiated urothelium is 
known for its low endocytotic activity as a mechanism to 
maintain a blood–urine barrier (Kreft et al. 2009a). Very 
low or no endocytotic uptake of NPs is in agreement with 
previous results showing low rate of endocytosis in normal 
urothelial cells (Apodaca 2004; Kreft et al. 2009b; Imani 
et al. 2015; Tratnjek et al. 2017). This result was additionally 
supported also by fluorescence microscopy where again no 
NPs were observed in NPU cells or in the intercellular space 
of the NPU models (Figs. 3, 4). Since the urothelial models 
were grown in conditions with no changes in hydrostatic or 
tissue pressure, the stretch-regulated endocytosis and exocy-
tosis (Truschel et al. 2002) were most probably not triggered 
in either urothelial model.
An additional explanation for the selective internalization 
into cancer cells could be preferential binding of negatively 
charged NPs to urothelial bladder cancer cells. Johnson et al. 
showed that negatively charged liposomes preferentially 
bind to various cancer cells (253J, J82, T24, TCCsup) com-
pared to normal urothelial cells, suggesting different mem-
brane composition and different liposome binding affinity as 
a targeting mechanisms for drug loaded liposome retention 
on tumour sites (Johnson et al. 1989).
Moreover, TEM analysis also enabled us to distinguish 
between endocytosed NPs, which were found in various 
endosomal compartments inside the cells (Fig. 5), NPs 
caught in the intercellular space and NPs on the cell sur-
face. TEM analysis revealed that the increase in fluorescence 
observed for T24 cells was a combination of internalized 
NPs and NPs caught in the intercellular space, which are 
thus available for internalization even after the NPs on the 
surface (lumen), were removed. Moreover, by travelling in 
the intercellular space (paracellular permeability), NPs can 
Fig. 5  Internalization pathways (a, b) and intracellular trafficking (c–
f) of RITC-labelled PAA NPs into human bladder papillary urothelial 
neoplasm (RT4) cells (a, c, d) and invasive urothelial neoplasm (T24) 
cells (b, e, f) after 3 h incubation at 37 °C. Scale bars correspond to 
1 µm in panels a and b and to 0.5 µm in panels c–f 
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also reach lower cell layers of urothelium (Fig. 6), which is 
important for potential therapeutic applications. On the other 
hand, no NPs were found inside the cells or in the intercel-
lular space of the NPU models (Figs. 3, 4) as opposed to the 
slight increase in the fluorescence intensity obtained with the 
spectrofluorometric NP uptake quantification (Fig. 2). The 
transurothelial permeability measurements also confirmed 
increased permeability in both cancer cell models compared 
to no or minimal NP permeability in the normal urothelial 
models (Fig. 7). No difference in permeability was observed 
between RT4 and more invasive T24 cells, even though the 
intercellular space between T24 cells is larger.
RITC-labelled PAA NPs used in this study have no thera-
peutic effect per se, however they have a magnetic, electron 
dense core and can thus be used as contrast agents for visu-
alization of diseased regions by MRI or other visualization 
techniques (Triantafyllou et al. 2013; Sweeney et al. 2016) 
as well as for magnetic targeting (Leakakos et al. 2003) and 
hyperthermia (Owusu et al. 2013; Oliveira et al. 2013) by 
applying external magnetic field. The Co-ferrite core in 
our NP formulation could be exchanged with iron oxide for 
biomedical applications, although Co-ferrite core has bet-
ter magnetic properties (Pavlin and Bregar 2012; Amiri and 
Shokrollahi 2013). Moreover, PAA NPs can be additionally 
functionalized with various drugs or other therapeutic mol-
ecules and the increased endocytotic uptake in cancer cells 
could be used for targeted delivery of NPs, which would 
enable the accumulation and release of drugs in cancer cells. 
Instead of functionalization of NPs with cancer specific 
ligands, targeting of cancer cells could thus be based on the 
significantly higher uptake rate of transformed cancerous 
cells compared to the healthy normal urothelial superficial 
cells, which have a minimal rate of endocytosis.
In conclusion, using biomimetic urothelial in vitro mod-
els, we observed a significant uptake of RITC-labelled pol-
yacrylic acid (PAA)-coated magnetic NPs only in invasive 
neoplasm (T24) and papillary neoplasm (RT4) urothelial 
models, while no uptake was observed in normal (NPU) 
Fig. 6  Transurothelial permeability of normal and cancerous urothe-
lial models for RITC-labelled PAA NPs. Highly differentiated normal 
porcine urothelial cells (highly diff. NPU) (a), partially differenti-
ated normal porcine urothelial cells (partially diff. NPU) (b), human 
bladder papillary urothelial neoplasm (RT4) cells (c) and invasive 
urothelial neoplasm (T24) cells (d) were incubated with 100  µg/
ml rhodamine B isothiocyanate (RITC)-labelled PAA NPs for 1 or 
3  h at 37  °C. The control sample was incubated with the appropri-
ate volume of the dialysate water. Transurothelial permeability was 
evaluated by spectrofluorometric measurements of RITC fluorescence 
intensity (NP quantity) in the lower compartment of transwell plates 
at different time points (0, 1, 3, 6, 12, 24 and 48  h). Data are dis-
played as mean and standard deviation of three independent repeats. 
Please note, both normal urothelial models showed no or minimal NP 
urothelial permeability. The measurements varied from minus to plus 
2 µg/ml, indicating that the measured results were close to the sensi-
tivity of the method (background noise) and the measurement accu-
racy might vary for ±2 µg/ml
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cells. Such specific targeting is based on normal urothelial 
cells exhibiting very low endocytotic activity on the api-
cal side, while cancerous cells have a significantly higher 
endocytotic activity as well as more pronounced inter-
cellular spaces, which allow the NPs to also reach lower 
cell layers. Due to the specific urothelial biology, such 
approach enables very selective targeting of urothelial 
tumours using NPs and could be potentially used for drug 
delivery with no requirement for specific tumour markers. 
Moreover, such targeting of cancer cells using NPs also 
exploits the enhanced permeability of the tumour tissue for 
greater retention of loaded drugs and has a great potential 
for bladder cancer diagnostics as well as for development 
of intravesical anti-cancer therapies.
Furthermore, TEM analysis proved to be much more 
accurate and reliable method for quantification of NPs 
uptake compared to spectrofluorometry, although more 
time-consuming. With further functionalization, the 
selected magnetic NPs could be used as a theranostic 
delivery platform for hyperthermia or for drug delivery. 
In general, the observed high endocytotic uptake of NPs 
in urothelial cancer cells compared to complete absence 
from normal urothelial cells could be used as a promis-
ing method for visualization, diagnosis or for targeted 
drug delivery into cancer cells, even though there are still 
many challenges in order to achieve significant loading and 
release in the target cells.
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Povzetek: Normalne prašičje urotelijske celice imajo nižjo stopnjo endocitoze kot urotelijske 
celice papilarne neoplazme. To lahko izkoristimo kot mehanizem za selektivno dostavo toksičnih 
spojin, kot so s polietileniminom oplaščeni kobalt-feritni nanodelci. Omenjeni nanodelci 
neselektivno poškodujejo celično membrano. Toksičnost na celični membrani lahko omilimo z 
dodatnim oplaščenjem oziroma funkcionalizacijo nanodelcev z glutationom ali govejim 
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smo potrdili z uporabo infrardeče spektroskopije s Fourierjevo transformacijo, dinamičnega 
sipanja svetlobe in meritev zeta potenciala. Test viabilnosti je pokazal, da funkcionalizacija z 
govejim serumskim albuminom zmanjša citotoksičnost takoj po 3-urni izpostavitvi ter da je 
citotoksičnost večja pri celicah urotelijske papilarne neoplazme v primerjavi z normalnimi 
prašičjimi urotelijskimi celicami pri koncentraciji 50 μg/ml. 24 ur po 3-urni izpostavitvi selektivne 
citotoksičnosti nismo zaznali. 
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Abstract
Normal porcine urothelial cells have been shown to have a much lower rate of endocytosis than urothelial papillary neo-
plasm cells. This could be used as a mechanism for selective delivery of toxic compounds, such as polyethyleneimine
coated nanoparticles (NPs). However, these NPs induce nonselective toxicity through direct membrane disruption. This
toxicity can be reduced by functionalization of NPs with L-glutathione reduced or bovine serum albumin by reducing
their surface charge. Functionalization was confirmed with Fourier Transform Infrared Spectroscopy, Dynamic Light
Scattering and zeta potential measurements. Viability assays showed that bovine serum albumin coating reduced NPs
cytotoxicity immediately after 3 h exposure and that such NPs were more toxic to urothelial papillary neoplasm cells
compared to normal porcine urothelial cells at 50 μg/ml NPs concentration. However, 24 h after exposure, bovine serum
albumin functionalized NPs had similar effect on viability of both cell lines. NPs showed some selective toxicity to-
wards urothelial papillary neoplasm cells compared to normal cells after 3 h, however this was not confirmed after 24 h.
Keywords: polyethyleneimine, urothelial cell models, magnetic nanoparticles, toxicity, urothelial papillary neoplasm
1. Introduction
Urothelial papillary neoplasms are a group of non-
invasive urinary bladder cancers that have a high recurren-
ce rate and can progress to an invasive form of bladder
cancer.1,2 The treatment typically involves transurethral
resection followed by intravesical therapy, where chemot-
herapeutic agents are administered directly into the blad-
der.3 Despite obvious advantages of local delivery, intra-
vesical therapy has its limitations and is thus an important
area for further development,4 in which nanoparticles
(NPs) proved to be a promising strategy for improve-
ment.5
Several different types of NPs have already been de-
signed for treatment of bladder cancer, mostly to deliver
chemotherapeutic drugs and other therapeutic and ima-
ging molecules.6–11 For targeted delivery to bladder cancer
cells, different ligands have been used, such as lectins12,13
or transferrin.14 Also, magnetic targeting has been applied
for delivery of magnetic NPs with encapsulated doxorubi-
cin.15 In vivo studies demonstrated that complexation or
encapsulation of cytotoxic agents into different NPs (lipo-
somes, polymeric NPs) can improve the efficiency of in-
travesical therapy.6–11,16 Moreover, some NP formulations
are already in preclinical and clinical studies.17
Furthermore, in a recent study we have shown en-
hanced uptake of anionic polyacrylic acid (PAA) coated
DOI: 10.17344/acsi.2016.2876
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cobalt ferrite NPs by urothelial papillary neoplasm cell
model (RT4) compared to differentiated normal porcine
urothelial cell model (NPU). Similar selective uptake was
also shown for cationic chitosan coated poly-ε-caprolac-
tone NPs by mouse bladder carcinoma cells compared to
normal mouse urinary bladder cells.18 The highly locali-
zed intravesical treatment in combination with the signifi-
cant difference in endocytic activity between normal and
cancerous cells thus represents a unique opportunity for
selective delivery of anti-cancer therapeutics, such as NPs.
In this paper we analyse potential applicability of
polyethyleneimine (PEI) coated NPs for selective treat-
ment of urothelial papillary cells. PEI is a cationic poly-
mer with one of the highest cationic charge-density poten-
tials,19 that is mostly used as a transfection agent.20,21 PEI
has been already successfully applied as a delivery vehic-
le on bladder cancer models22,23 and researchers have also
used PEI in a clinical study for the treatment of bladder
cancer (NCT00595088). However, cationic properties of
PEI are also responsible for its toxicity24–28 either through
direct membrane damage (i.e. extracellular toxicity) or
through damage to the endosomes, lysosomes and mitoc-
hondria (i.e. intracellular toxicity).25,26,29,30 So to achieve
selective cytotoxicity of NPs for cancer cells compared to
normal cells based on the selective NPs uptake into cancer
cells, the extracellular toxicity of PEI NPs had to be redu-
ced first.
The aim of the study was to design modified PEI
NPs coated with the additional layer in order to obtain se-
lective toxicity against cancer cells, and to test their ef-
fectiveness. We tested two coatings: L-glutathione redu-
ced (GSH)31 and bovine serum albumin (BSA)32,33 for
which we hypothesized that would reduce extracellular
toxicity (membrane toxicity) while retaining intracellular
toxicity.
2. Experimental
2. 1. Nanoparticle Synthesis and 
Characterization
PEI coated cobalt ferrite (CoFe2O4) NPs were pre-
pared as described previously.20,31,34 PEI NPs were addi-
tionally functionalized with L-glutathione reduced (GSH;
Sigma-Aldrich, St. Luis, Missouri, USA) at 0.25 to 1
mass ratio (PEI_GSH NPs), or with bovine serum albu-
min (BSA; Sigma-Aldrich) at 0.5 to 1 mass ratio
(PEI_BSA NPs) immediately prior to use. NPs were
dialyzed against distilled water and sterilized by filtration.
IR spectra of dry samples were recorded on a Bruker
FTIR (Fourier Transform Infrared Spectroscopy) Alpha
Platinum ATR spectrophotometer (Bruker, Billerica, Mas-
sachusetts, USA). Dynamic light scattering and zeta po-
tential were measured using Malvern Zetasizer NanoZS
(Malvern Industries, Malvern, UK).
2. 2. Cell Culturing
Cells were maintained at 37 °C in a humidified 5%
CO2 atmosphere. Human bladder papillary neoplasm
(RT4) cells were grown in A-DMEM/F12 (Gibco, Gait-
hersburg, Maryland, USA), 5% fetal bovine serum (FBS;
Gibco), 4 mM glutamax (Gibco), 100 U/ml penicillin, and
100 μg/ml streptomycin. Cultures of primary normal por-
cine urothelial cells (NPU) were established from porcine
urinary bladder as described previously.35 For the estab-
lishment of the highly differentiated normal porcine urot-
helial (NPU) cell model, which represents a biomimetic
model of a normal differentiated urothelium in vivo, cells
were grown in UroM medium without FBS and with
physiological 2.5 mM calcium concentration for 3 weeks
before experiments.
The experiments with NPU cells were approved by
the Veterinary Administration of the Slovenian Ministry
of Agriculture and Forestry in compliance with the Ani-
mal Health Protection Act and the Instructions for Gran-
ting Permits for Animal Experimentation for Scientific
Purposes.
2. 3. Viability Testing
Cell viability was determined with Trypan blue via-
bility assay. Cells were incubated with PEI, PEI_GSH or
PEI_BSA NPs (50, 100, 150 μg/ml) for 3 h in A-DMEM
cell culture medium without FBS and washed to remove
the NPs. Cells were trypsinized immediately after the 3 h
incubation or after additional 24 h culturing in the com-
plete medium (A-DMEM for RT4 cells and UroM for
NPU cells) without NPs. Trypsinized cells were stained
with Trypan Blue stain (Life Technologies, Eugene, Ore-
gon, USA) and counted using CountessTM Automated Cell
Counter (Invitrogen, Carlsbad, California, USA). The
number of dead cells was subtracted from the total num-
ber of cells to obtain the number of viable cells. The per-
centage of viable cells (Viability) in a given sample was
determined as the ratio between the number of viable cells
in each sample (Ns) and the number of all cells in the con-
trol sample (N0):
. (1)
2. 4. Transmission Electron Microscopy
Transmission electron microscopy was performed as
described in Bregar et al.34 following 3 h incubation with
50 μg/ml PEI and PEI_BSA NPs.
2. 5. Data Analysis
Data analysis was performed in R software environ-
ment (version 3.2.2.). Results are shown as mean and stan-
dard error of the mean for three independent experiments.
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3. Results and Discussion
In our previous study, we showed that the uptake of
PAA coated NPs is higher in the urothelial tumour cell
models (RT4, T24) compared to NPU cells due to lower
endocytic activity of healthy urothelial cells. Due to cell-
type dependent nature of such selective uptake, this prin-
ciple could be applied also to other NP types, including
PEI NPs. PEI NPs have so far been used for delivery of ot-
her toxic molecules,22,23 however PEI itself can also cause
toxicity through membrane damage, ROS induction and
lysosomal damage.36 We wanted to exploit PEI intrinsic
toxicity as a mechanism to induce selective toxicity, but in
order to limit PEI toxicity to NPU cells, PEI’s ability to
damage outer cell membranes (non-selective toxicity) had
to be reduced. The aim of the study was to modify PEI
NPs with the negatively charged GSH and BSA molecules
to decrease PEI NPs highly positive surface charge and
thus to obtain selective toxicity. GSH was chosen for its
antioxidant properties and excess of negative charge, in
order to reduce the zeta potential of the modified
(PEI_GSH NPs). This strategy proved to be efficient for
reducing cytotoxicity of PEI_NPs towards CHO cells.31
BSA was used as a protein pre-coating, a strategy descri-
bed in Mirshafie et al.32
The successful modifications were confirmed with
physicochemical characterization of NPs through the dif-
ferences in FTIR spectra (Figure 1), changes in DLS (Fi-
gure 2a) and zeta potential measurements (Figure 2B).
DLS measurements showed that functionalization with
GSH reduced the hydrodynamic diameter of PEI NPs (122
± 19 nm) to 93 ± 32 nm, indicating additional stabilization
of NPs by GSH in distilled water (Figure 2a). This effects
was most probably due to steric repulsion of GSH molecu-
les on PEI NP surface, which impeded the formation of NP
aggregates.37 On the other hand, BSA coating increased
the hydrodynamic diameter to 179 ± 6 nm. Upon additio-
nal functionalization, the highly positive zeta potential of
PEI NPs (56 ± 1 mV) was reduced to 44 ± 5 mV and 50 ±
4 mV for GSH and BSA, respectively (Figure 2B). This
was due to interaction of anionic GSH or BSA molecules
with cationic PEI NPs, which neutralized some of the
functional groups on the surface of PEI NPs.
We postulated that reduction of the highly positive
charge of PEI NPs would decrease their binding to the
plasma membrane and thus reduce the membrane damage
and increasing their selective toxicity. Moreover, we assu-
med that the exposure to acidic pH and proteolytic enzy-
mes in the lysosomes would damage the GSH and BSA
layers, thus exposing again the highly cationic surface of
PEI NPs and enabling intracellular cytotoxic action of
PEI. It is important to note that if the incubation of NPs
would be performed in a standard culture medium with
serum, this could modify internalization and the cytotoxi-
city, since protein corona importantly determines biologi-
cal response of the cells to NPs.38
Figure 1: FTIR spectra of PEI (a), PEI_GSH (b) and PEI_BSA (c)
NPs.
Figure 2: Physical characterization of NPs. Hydrodynamic diame-
ter of PEI, PEI_GSH and PEI_BSA NPs dispersed in water (a). Ze-
ta potential of PEI, PEI_GSH and PEI_BSA NPs dispersed in wa-
ter (b). Means with standard errors of the mean from three indepen-
dent experiments are shown.
To simulate potential intravesical therapy, normal
(NPU) and papillary neoplasm (RT4) urothelial cell mo-
dels were exposed to increasing concentrations of the
three types of NPs for 3 h and viability was determined
with Trypan blue viability assay (Figure 3). Experiments
were performed in the media without FBS, as this was
a)
b)
a)
b)
c)
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more relevant for potential in vivo application. Immedia-
tely after the incubation, a significant proportion of dead
cells was observed in all treated samples, among which
PEI NPs predictably induced the highest toxicity. BSA
coating (PEI_BSA NPs) showed the highest reduction of
PEI NPs toxicity, resulting in increased NPU cell viability
at concentrations 50 and 100 μg/ml (Figure 3A). The hig-
hest selective toxicity was obtained with 50 μg/ml
PEI_BSA NPs, where the obtained viability was 90% and
75% for NPU and RT4 cells, respectively. On the other
hand, PEI and PEI_GSH NPs induced no selective toxi-
city to RT4 compared to NPU cells (Figure 3). Intere-
stingly, the overall cytotoxicity of NPs was greater in
NPU cells than in RT4 cells, which is most probably due
to a higher number of cell layers in RT4 cell model, but
could also be due to the different molecular composition
of cell membrane in RT4 and NPU cells.39
Interestingly, the increasing NP concentration had
only a small effect on cell viability. This can be explained
by short exposure time, which limited the sedimentation
and internalization of NPs. Moreover, cells in these cell
models grow in confluent layers, thus limiting the exposu-
re to NPs only to the uppermost layer. All used NP con-
centrations were enough to damage the first layer and the
remaining cell debris protected the lower laying cells.
This was confirmed with TEM analysis, where following
3 h incubation, NPs were observed in contact only with
the uppermost cell layer of RT4 in membrane structures
which could represent macropinocytotic uptake (Figure 4)
and possibly lead to internalization of NPs. No NPs were
observed associated with NPU cells (Figure 4).
To determine, if these NPs can cause delayed selec-
tive toxicity, cell models were cultured for additional 24 h
after the initial 3 h NP exposure (Figure 5). PEI and
PEI_BSA NPs caused additional cytotoxicity to RT4 cells
after 24 h compared to cytotoxicity determined immedia-
tely after 3 h exposure, partially due to intracellular toxi-
city, and also partially due to delayed effect of the 3 h ex-
posure to NPs. The later effect was confirmed on NPU
a)
b)
Figure 4: TEM micrographs of NPU and RT4 cells without NPs (control), with 50 μg/ml PEI NPs or 50 μg/ml PEI_BSA NPs after 3 h incubation.
Arrows denote NPs.
Figure 3: Viability of NPU (a) and RT4 (b) cells immediately after
3 h exposure to increasing concentrations of PEI, PEI_BSA and
PEI_GSH NPs. Viability was determined by Trypan Blue viability
assay. Means with standard errors of the mean from three indepen-
dent experiments are shown.
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cells, since s reduced viability was observed for both PEI
and PEI_BSA NPs. For both cell lines, this reduction in
viability could be caused by NPs that remained on the sur-
face of cell models after the washing step. Again,
PEI_BSA NPs proved to be less toxic to NPU and RT4
cells compared to PEI NPs at equal concentrations. Also,
only a negligible number of dead cells were observed (re-
sults not shown), indicating that the damaged cells were
washed away, and leaving only healthy cells to regenerate
the urothelium. Thus, analysis after 24 h showed that de-
veloped NP formulations exhibit no selective toxicity for
cancer RT4 cells.
Unfortunately, despite the promising results on the
reduction of PEI NP toxicity, the additional BSA coating
did not induce selective toxicity towards cancer cells. This
is partially caused by the still high extracellular toxicity of
modified NPs at the concentrations used, but could also be
due to the short incubation time, which significantly limi-
ted the interactions between NPs and cell membranes and
thus also the amount of internalized NPs in RT4 cells. Ad-
ditional strategies to more effectively reduce the extracel-
lular toxicity of PEI NPs should thus be explored.
4. Conclusions
PEI NPs were successfully coated with GSH or
BSA and the functionalization was confirmed with FTIR,
DLS and zeta potential measurements. Reduced extracel-
lular toxicity of PEI NPs with additional functionalization
proved to be a promising method for achieving selective
toxicity to urothelial cells after 3 h of exposure, as indica-
ted by the reduced cytotoxicity of BSA modified PEI NP-
s towards NPU cells compared to RT4 cells. However,
viability experiments performed 24 h after the initial ex-
posure to NPs indicated that further optimisation is nee-
ded in order to decrease nonspecific membrane toxicity of
NPs and thus obtain therapeutic window with specific
cytotoxicity to RT4 cancer cells.
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Povzetek
Normalne pra{i~je urotelijske celice imajo ni`jo stopnjo endocitoze kot urotelijske celice papilarne neoplazme. To lahko
izkoristimo kot mehanizem za selektivno dostavo nanodelcev opla{~enih s polietileniminom. Nanodelci pa lahko delu-
jejo toksi~no tudi preko interakcije s celi~no membrano. Tej toksi~nosti se lahko izognemo z dodatno plastjo nasprotno
nabitih molekul na povr{ini nanodelcev. V na{em primeru smo to `eleli dose~i z dodatno plastjo glutationa oziroma
govejega serumskega albumina. Test viabilnosti je pokazal, da dodatna plast govejega serumskega albumina uspe{no
zmanj{a neselektivno citotoksi~nost nanodelcev takoj po 3 h izpostavitvi. Taisti nanodelci so izkazali vi{jo
citotoksi~nost na urotelijskih celicah papilarne neoplazme v primerjavi z normalnimi pra{i~jimi urotelijskimi celicami
pri koncentraciji 50 μg/ml. 24 h po izpostavitvi je u~inek nanodelcev enak na obeh celi~nih linijah.
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Povzetek: Na področju nanotoksikologije najdemo mnogo študij na temo fizikalno-kemijske 
karakterizacije, pomembnosti proteinske korone in z imunskim sistemom povezanih učinkov, 
medtem ko so študije, ki bi povezovale vse tri teme, izredno redke. Za pričujoče delo smo zbrali 
podatke iz enaindvajsetih in vitro študij, ki so povezale vse tri zgoraj naštete teme. Podatke smo 
uporabili za natančno analizo v kateri smo primerjali parametre kot so velikost nanodelcev, zeta 
potencial in sestavo proteinske korone med dvema skupinama nanodelcev: tistimi, ki so sprožili 
sproščanje citokinov in tistimi, ki jih niso. Med skupinama nismo našli razlik v povprečnem 
hidrodinamskem premeru in zeta potencialu, medtem ko so razlike v tipu nanodelcev med 
skupinama značilne. Ker je v literaturi pogosto nakazana povezava med sestavo proteinske 
korone in sproščanjem citokinov, smo preverili stohastično odvisnost med omenjenima 
faktorjema. Na podlagi zbranih podatkov smo pokazali, da sta sestava proteinske korone in 
sproščanje citokinov neodvisna.  
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Abstract 
In the field of nanotoxicity there are numerous studies regarding physicochemical 
characterization, importance of protein corona and immune system related effects, while 
studies that combine all three topics are scarce. In this review we have retrieved the 
data from twenty one in vitro studies performed in such manner. The data was used for 
detailed exploratory analysis in which parameters such as size of nanoparticles, zeta 
potential and protein corona composition were compared between two groups of 
nanoparticles; those that triggered cytokine secretion and those that did not. Importantly, 
only a few studies tested nano-formulations for endotoxin contamination. There were no 
significant differences between average hydrodynamic diameter or zeta potential of the 
two groups. On the other hand, we found that cytokine secretion was nanoparticle-type 
dependent. Moreover, we have tested stochastic dependence between protein corona 
composition of nanoparticles and cytokine secretion, as implied in the literature. Based 
on our data collection, protein corona composition and cytokine secretion were found to 
be independent.  
Keywords: nanoparticles; physicochemical characterization; protein corona; immune 
system; cytokine secretion; corona composition  
Introduction 
Nanotechnology brought exciting new concepts for improving existing therapeutic 
agents and also possibilities of more targeted strategies for combating diseases such as 
cancer or cognitive disorders. Despite intensive research performed within the last two 
decades, nanotechnology in biomedical applications did not completely fulfil the 
expectations of the scientific community [1]. Nonetheless, there have been two very 
successful nanotechnology-related products: Doxil® (liposomal doxorubicin) [2,3] and 
Abraxane® (albumin-bound paclitaxel) [4], which are still in use today for the treatment of 
different cancer types. Another successful nanotechnology application is hyperthermia of 
cancer tumors using magnetic iron oxide nanoparticles (NPs), that proved to be 
beneficial in some specific types of cancers such as glioblastoma multiforme [5]. 
Prospects for nanotechnology use in medicine are positive reflected by a constant 
growth of FDA applications for products containing nanomaterials, proving that the 
research field is being successfully translated to industry [6]. However, some of the NP-
based formulations were seriously challenged when tested for immune system related 
effects and some were even removed from the market [7–10]. Despite clearly 
recognized problem of NP-immune system interactions we do not have a complete 
understanding of which NP-formulation will potentially trigger immune response and 
therefore no common strategies to avoid undesired effects of NPs on immune system 
[11,12].  
By now, the importance of physicochemical characterization of NPs used in 
biomedicine is well established [13]. Basic characteristics such as size [14–16], zeta 
potential [17–21], surface chemistry [22–24], and shape [16,25,26] in addition to basic 
formulation (e.g. liposomal, metallic) can be used to partially explain in vitro and in vivo 
effects of NPs. On a cellular level, some types of NPs can induce several dose 
dependent effects such as cell stress and cell death through different mechanisms such 
as reduced proliferation rate, changes in the metabolism, autophagy, lysosomal 
dysfunctions, disruption of the cytoskeleton and hindered differentiation [27–30]. Effects 
of NPs on systemic level (in vivo) depend also on the route of administration. 
Nonetheless, recently it has become obvious that there was a major area of research 
regarding nanotechnology that was somehow overlooked in the early stages of 
nanomedicine development [31–33]. It was shown that protein corona is formed when 
NPs come in contact with the protein-containing fluid [34,35]. Composition of protein 
corona is undisputedly connected to physicochemical characteristics of NPs, as 
demonstrated in several papers [35–42]. Furthermore, constituting proteins can 
influence uptake rate by cells [43–45], cytotoxicity [46,47]  and immunotoxicity [48]. 
Indeed, several papers stressed that protein corona is the missing link between 
physicochemical characteristics and immune system-related responses [44,48,49].  
It is of vital importance to understand the interactions between NPs and the 
immune system if we want to expand the use of nanomedicines in humans. Ideally, the 
models used to study interactions should be as representative as possible. One 
approach to test adverse immune reactions is the use of murine models [50]. Another 
interesting in vivo approach is a porcine model described by Szebeni et al. [51]. 
Experiments with whole blood could also provide an intermediate alternative to in vivo 
experiments [52]. However, NP-immune system interactions are much more frequently 
reported as in vitro response of different immune system-related cell lines, e.g. 
macrophages. NP-immune system interactions observed in vitro include NP uptake, 
cytokine secretion [56–64] and analysis of immune system-related signalling pathways 
[65].  
Another important NP-immune system interaction is mediated by the complement 
system, an enzymatic cascade that can be activated through NP surface binding [3,66]. 
Importance of complement system in nanomedicine was reviewed by Moghimi et al. [67] 
Results from different immunological studies are contradictory: NPs can either up-
regulate [68] or down-regulate [69] immune responses. Clearly, changes in the immune 
response can be elicited by the differences in protein corona composition [53,55]. 
Therefore, it is crucial to assess the relation between corona composition and the 
immune response. There are several excellent papers where NP-immune system 
interactions has already been reviewed in detail [9,12,70,71].  
 The main goal of this short review was to extract crucial data from the existing in 
vitro studies which connected physicochemical characteristics of NPs with the analysis 
of protein corona composition and at least one immune system related effect in vitro. 
The parameters included in our review (i.e. type, core, coating, core size, hydrodynamic 
diameter, zeta potential, polydispersity index, concentration, exposure time, protein 
source, corona composition, endotoxin contamination, complement activation, cell type 
and cytokine detection) were chosen based on the current literature and our experience. 
In the method section, each parameter is explained in detail. Independence between 
parameters (type of NPs vs. cytokine detection, protein source vs. cytokine detection, 
and protein type vs. cytokine detection) were analysed. We believe that extracting 
quantitative data could provide additional insight for the readers. We found that with the 
exception of the type of NP and protein source, there is no single property of NPs or 
particular protein in the corona that determined immune system activation in vitro. Based 
on the analysis of the data we collected, cytokine secretion was found to be independent 
from protein corona composition. 
  
Methods 
Selection criteria 
Only the studies that included i) data on physicochemical characterization (e.g. size, 
zeta potential, coating), ii) protein corona composition analysis (i.e. identification of 
proteins) in relevant biological media and, iii) at least one immune system-related result 
(e.g. cytokine release or complement activation) were considered. The most interesting 
relations are shown in figures of the paper while the complete dataset is available as a 
supplementary file (spreadsheet). 
Parameters 
1. Name 
Perhaps one of the most obvious indicators of complexity within NP research is its 
nomenclature. Although a systematic naming scheme has been proposed by Gentelman 
and Chan in 2009 [72], only descriptive names are more or less used in practice. Thus 
we decided to include only the names provided by the authors of the original papers. 
2. Type 
There is a vast number of NP types. In order to simplify the presentation, NPs were 
classified as silica, polymeric, liposomal, metal, magnetic, or combined (combination of 
categories). Types that did not fit into a category were classified as other. We must 
emphasize that only the studies with spherically shaped NPs were used, excluding 
nano-rods and sheet-like material such as graphene.  
3. Core 
The core is defined as the basic material from which the NPs were made from. In the 
case of polyacrylic acid-coated magnetic NPs, for example, cobalt ferrite was the core 
material [73] while in the case of chitosan functionalized gold NPs, the core material was 
gold [74]. The importance of core material was demonstrated by Walkey et al., where 
silver compared to gold core was responsible for changes in protein corona composition 
of NPs with identical surface coating material [43].  
4. Coating 
Surface coating is one of the key chemical characteristics of individual NPs. There 
are almost no limitations regarding the materials one can use to modify the surface of 
NPs. In some cases, coating provides chemical (i.e. prevents oxidation) or physical (i.e. 
prevents aggregation) stability of NPs [75] while its purpose can also be functionalization 
of the surface for specific application such as polyethylene imine functionalization for 
magnetofection [76]. Material used for coating ranged from small molecules such as 
citrate [77] to polymers such as PEG [78], and macromolecules such as proteins [79,80].  
5. Core size 
Size can be interpreted in different ways, depending on the context. We took core 
size as the diameter of dried spherical NPs. This type of data was usually obtained with 
transmission electron microscopy (TEM) [73]. The importance of NP size on protein 
corona composition has already been demonstrated [38].  
6. Hydrodynamic diameter 
Hydrodynamic diameter is the diameter of the hypothetical hard sphere that diffuses 
with the same speed as the particles assayed under dynamic light scattering (DLS) [81]. 
In colloidal dispersions, the particles are hydrated by the molecules composing the 
dispersion media (e.g. water, ions, and macromolecules). There are some important 
considerations that must be acknowledged when using this method [82–84]. The most 
comparable output from the method is z-average size, the mean diameter of NPs 
derived with the cumulant method from intensity of the scattered light. For polydisperse 
samples, mean hydrodynamic diameter based on the number distribution should also be 
reported. In papers, distinction between number and volume distribution based mean 
hydrodynamic diameter is seldom easy due to the lack of methodological details. Within 
this paper we are presenting either z-average size or hydrodynamic diameter as 
reported in the original study. 
7. Zeta potential 
Zeta potential, also termed electrokinetic potential, is the potential at the shear or the 
slipping plane of a colloid particle moving under electric field [85]. Slipping plane is a 
notional boundary that separates liquid from the diffuse double layer which is composed 
of counter ions and is considered to move with the particle. Importantly, zeta potential 
depends also on the pH of the media and is normally given for the pH 7. In bio-
nanotechnology related literature, zeta potential is often used interchangeably with the 
term surface charge, which is not correct. Nonetheless, zeta potential is one of the key 
physical characteristics of NPs, which affects the formation of protein corona, NP 
stability and interactions between NPs and cell membrane [42,75]. Moreover, it was 
demonstrated that zeta potential of PEGylated NPs can critically determine tumor 
penetration in vivo [21]. The impact of zeta potential in cellular uptake and cytotoxicity 
was reviewed [17]. Very detailed insight into zeta potential principles were described in 
an excellent paper by Bhattacharjee [83].  
8. Polydispersity index 
Polydispersity index is a measure of width of a size distribution derived from the 
cumulant analysis of DLS data according to ISO 13321:1996 [84]. Low values indicate 
monodisperse systems while high values are a sign of polydispersity or instability of a 
system [83,84].  
9. NP concentration 
NP concentration is one of the most important variables to consider whenever 
cytotoxicity or immunotoxicity is studied in vitro [86–89] and was as such included into 
our analysis.  
10. Exposure time 
As with concentration, exposure time is of a great importance. It correlates with 
cytotoxicity, immunotoxicity and even protein corona composition [65,90]; hence it is 
important to give the time of incubation of NPs with protein containing media (i.e. protein 
corona formation) and also time of incubation of NPs with cell lines. Ideally, in each 
separate study both incubation times should be the same due to the dynamic nature of 
the protein corona [91].  
11. Protein source 
While protein corona critically defines the biological identity of NPs, the source of 
proteins (e.g. blood, serum, plasma, saliva) is the factor that determines the availability 
of specific proteins in the first place [92]. The categories of protein sources included in 
this review were human serum (HS), human plasma (HP), fetal calf serum (FCS), fetal 
bovine serum (FBS), bovine serum albumin (BSA) and human broncho-alveolar fluid 
(BF). 
12. Corona composition 
The composition of protein corona, i.e. the list of proteins detected on the surface of 
NPs, is an important parameter that determines biological effects of NPs, such as 
cytotoxicity [46,47] and immunotoxicity [48]. Recently, the stealth effect of poly(ethylene 
glycol) was explained by adherence of clusterin proteins to the surface of PEGylated 
NPs [55]. Furthermore, protein corona composition was used to predict uptake of 
different gold and silver NPs to A549 cell line [43]. We considered only the studies in 
which identification of proteins from protein corona was performed. Full names of 
proteins found in papers or their supplementary material were used. 
13. Analysis of endotoxin contamination 
When testing immunogenicity of NPs it is vital to exclude non-specific effects caused 
by contaminants, such as lipopolysaccharides (LPS) [93,94]. LPS are usually 
determined by limulus amebocyte lysate (LAL) test. The presence of LPS may lead to 
over-interpretation of collected data or even to misinterpretation, however several 
papers do not report whether LAL test was performed or not .  
14. Complement activation 
The complement system is a collection of circulating and membrane-associated 
proteins which work together as an enzymatic cascade. This system is an important 
defence against microbes and can be activated by three different pathways: alternative, 
classical and lectin pathway; all pathways generate the same soluble protein 
components, which act as chemoattractant for immune cells. Among those proteins, C3b 
and C5b bind to the surface of the recognized foreign objects such as NPs and can act 
as opsonins, ligands through which NPs are recognized by the cells of the innate 
immune system [95]. Therefore, adsorption of complement system proteins on the NPs 
can be a mechanism of immune system activation. As an example, complement 
activation was observed for dextran-coated iron oxide NPs [66]. Wibroe et al. compared 
complement activation between different liposomal formulations of doxorubicin [3] while 
Quach and Kah studied complement activation triggered by gold nanomaterial of 
different shape [96]. Furthermore, Yu et al. showed that complement activation by 
glycopolymer grafted polystyrene NPs depends on conformational state of glycopolymer 
chains–a discovery that significantly elevated the complexity of complement activation 
by nanomaterials [23].  
15. Cell type 
In vitro studies were mostly performed on primary monocytes, primary macrophages 
or other immune cell-based lines. Immune effects caused by NPs were shown to be cell 
type dependent [97]. Thus we included the information about the cell line type used for 
measuring cytokine secretion experiments in the supplementary information. 
16. Cytokine detection 
Cytokine detection was one of the main aims of this review. To avoid bias, we are 
presenting two parameters: i) which cytokines were tested and ii) which cytokines were 
detected. To classify a cytokine as detected the original study had to show statistically 
significant difference compared to control. Detailed information on cytokine detection 
can be found in the supplementary information. 
Statistics 
Independence between factors (type of NPs vs. cytokine detection, protein source vs. 
cytokine detection, and protein type vs. cytokine detection) were analysed with Poisson 
regression. Analysis of deviance was performed using a Chi-square test. Means of zeta 
potentials or hydrodynamic diameters were compared using two-tailed t-test with 
variances assumed to be equal. In all tests, significance level was set to 0.05. We would 
like to emphasize that there was, in some cases, more than one data point collected 
from each individual study (different types of NPs, different conditions). This could result 
in dependence between data points and consequentially some assumptions for 
statistical tests could have been mildly violated. We are reporting statistical tests 
nonetheless, with this warning for the reader. 
  
Results and Discussion 
 
Physicochemical characteristics and cytokine detection 
There has been an increasing interest in NP-protein interactions in the last few 
years and the existence of a protein corona on the surface of NPs was independently 
confirmed by several studies [43,45,46,91,98]. Using proteomics, the protein corona was 
defined as a set of different proteins interacting with the surface of NPs in the form of a 
dynamic equilibrium. Proteomic profiles appeared to be NP type-specific, with a number 
of different factors contributing to the final composition (e.g. temperature, media 
composition, characteristics of NPs) [38,98,99]. In our recent work we have shown that 
dispersion media is another parameter to consider when determining protein corona 
composition [98]. The complexity of corona formation is considerable, making 
predictions of composition based on NP characteristics (e.g. size, zeta potential) 
practically impossible.  
Another important branch of bio-nanotechnology investigates interactions 
between NPs and the immune system. It is clear by now that NPs behave differently 
than the bulk material when interacting with the immune system. On the other hand, NPs 
do not behave as small molecules, which complicate development of nano-
pharmaceuticals even further. Therefore the question of interaction between the two 
sub-fields of nanomedicine, protein corona analysis and immune system activation, have 
become of interest only recently. Consequently the studies that include good 
physicochemical characterization of NPs, protein corona composition and immune 
system related effects are scarce. Nonetheless, we decided to perform an exploratory 
analysis of existing in vitro studies to give an overview of available data. Since there is 
no wide consensus over the importance of protein corona within the research 
community, such analysis could shed some light on existing research. 
In our primary search, we found approximately 130 studies that reported immune 
response to NPs together with protein corona information. Only twenty one studies 
matched our criteria defined in the method section, and were included in the analysis 
(Table 1) [3,23,24,40,47,52,59,60,74,100–111]. In most cases the studies reported 
presence or absence of protein corona rather than the actual protein composition, most 
likely due to the fact that determining protein corona composition demands special skills 
and equipment. Some studies were omitted due to material characteristics – two-
dimensional sheets and nanotubes were not included due to their specific effects. 
Furthermore, there was a lot of missing data regarding physicochemical 
characterization. Such studies were included in the analysis and the missing data was 
treated as not available (NA). Variables where the missing data prevailed were z-
average size and polydispersity index. This is concerning, because z-average size and 
polydispersity index are the minimum that should be reported when using DLS (ISO 
13321:1996 recommendations) [84]. Moreover, effect of the media on DLS 
measurements was clearly demonstrated in numerous studies [75,83,98], but 
hydrodynamic size is still reported for one medium only (e.g. water). It would be of great 
value to give the media and conditions in which characterization was performed, but this 
was not possible due to missing details. In most of the studies, there was more than one 
formulation of NPs tested and in some cases formulations were tested at more than one 
condition. Consequentially, the data set extracted from these studies encompasses 80 
observations. Detailed data set is supplied as a supplementary table. 
Table 1: Studies included in the review 
Type1 
Protein 
source2 
Cell line 
Complement 
activation 
Detected cytokines Reference 
metal FBS 
Human 
macrophages 
NA IL-1β, IL-6, IL-10 [100] 
metal, 
combined 
FCS THP-1 NA TNF-α, IL-1β, IL-6 [74] 
polymeric HS NT No NT [101] 
combined HP THP-1 NA TNF-α, IL-8 [60] 
silica FBS RAW 264.7, MH-S NA TNF-α, IL-1β, IL-6 [102] 
metal HP NT No NT [103] 
metal HP Human blood cells Yes none detected [52] 
magnetic HP THP-1 NA none detected [47] 
silica FCS 
Primary human 
monocytes 
NA IL-1β [59] 
metal HP NT No NT [104] 
polymeric FBS J774 No none detected [105] 
silica HS RAW 264.7 NA TNF-α [106] 
metal FBS J774 NA TNF-α, MIP-2 [107] 
metal FBS, BSA RAW 264.7 NA none detected [108] 
other HP, BF THP-1, PBMC NA TNF-α, IL-1β, IL-7 [109] 
polymeric HS 
Human 
macrophages 
NA none detected [110] 
magnetic HP 
Human 
macrophages 
NA none detected [40] 
silica FBS THP-1 NA TNF-α, IL-1β, IL-6 [24] 
liposomal HS NT Yes/No NT [3] 
polymeric FBS THP-1 NA 
TNF-α, IL-1β, IL-6, IL-
2, IL-8, IL-9, IL-17A, 
Eotaxin, IFN-γ, MIP-
1α, MIP-1β 
[111] 
polymeric HS NT Yes NT [23] 
1Classification is explained in the method section 
2Abbreviations are explained in the method section 
Please note that NT stands for not tested, while none detected is used when cytokines were measured 
but not detected. 
 
 Figure 1: Number of different NP formulations included in this review by type (A, B) or protein source used for 
protein corona formation (C, D). Color denotes detection of cytokines (A, C) or complement activation (B, D). 
Only formulations where complement activation was tested were included in B and D. 
Types of formulations included in this review are shown in Figure 1. Most of the 
studies were performed with silica NPs, followed by metal (i.e. Au, Ag and TiO2) and 
polymeric NPs. Protein corona was usually formed in fetal bovine serum, human serum 
or human plasma. It is evident from Figure 1 that the number of studies combining 
corona experiments and complement activation is low. Most common measure of 
immune system activation was cytokine secretion, and our further comparisons were 
performed between formulations that induced cytokine secretion and those that did not. 
We found that the cytokine secretion depends on NP type (p < 0.01) and protein source 
used in the experiments (p < 0.01). Hydrodynamic diameters, zeta potential and tested 
concentration are shown in Figure 2. Formulations in the data set had on average 
negative zeta potential (-22.8 mV) and average hydrodynamic diameter below 200 nm. 
There were no significant differences in zeta potential of formulations that induced 
cytokine secretion compared to those that did not (p = 0.59). Similarly, there were no 
significant differences in hydrodynamic diameters between these two groups (p = 0.89). 
Formulations were, on average, tested at a concentration of 100 μg per ml, with few 
exceptions that exceeded 200 μg per ml. These are relatively high concentrations 
compared to ones administered in vivo, but they are relevant for mammalian cells where 
some sort of accumulation of NPs takes place (e.g. macrophages). 
 
 Figure 2: Comparison of NP formulations that either triggered cytokine release or not. Zeta potentials (A), 
hydrodynamic diameters (B) and concentrations (C) of NP formulations are shown. Counts of different 
cytokines detected in response to different NP exposure (D). 
 
As mentioned above, cytokine secretion was the main measure of immune 
system activation in the collected studies. Cytokines are proteins produced by many 
different cell types and are the principal mediators of communication between cells of 
immune system [95]. Silica NPs where shown to induce IL-1β and IL-18 production in 
primary bone marrow derived cells [112]. Another type of silica NPs was responsible for 
enhanced production of  IL-1β, IL-8 and TNF-α in human umbilical vein endothelial cells 
[113]. Furthermore, poly(acrylic acid)-conjugated gold NPs induced production of IL-8 
and TNF-α in THP-1 cells via Mac-1 receptor activation by unfolded fibrinogen on the 
surface of NPs [58]. NP-related cytokine production has already been reviewed [70]. 
 Formulations included in our review typically triggered release of TNF- α,  IL-1β, 
IL-6, IL-8, IL-10 and MIP-2 (Figure 2D). These were also the most frequentlly tested 
cytokines. The three most important cytokines are TNF- α,  IL-1β and IL-6. TNF- α is a 
representative of the tumor necrosis superfamily. It is produced by macrophages, natural 
killer cells and T cells. It activates inflammation in endothelial cells and neutrophils, 
induces fever and catabolism. IL-1β is produced by many different cells and its 
maturation is connected to inflammasome activation [114]. It promotes inflammation in 
endothelial cells, induces fever and synthesis of acute-phase proteins. Simillarly, IL-6 
can also induce synthesis of acute-phase proteins as well as the proliferation of 
antybody-producing cells. It is produced by macrophages, endothelial cells and T cells 
[95].  
Protein corona composition and cytokine detection 
In the early studies of protein corona composition, authors reported very high 
number of specific proteins detected on the surface of NPs. The number was, in some 
cases, in hundreds rather than tens of proteins. However, we believe that the actual 
number of specific proteins forming the protein corona is not that high and that such 
results are probably due to very sensitive proteomic methods, which could have 
detected small quantities of proteins. As we have shown recently, considerable number 
of proteins can be detected in control samples due to protein adherence to plastic tubes 
rather than NP surface [98]. Furthermore, equipment and software used for proteomic 
analysis differed between studies. The most commonly found proteins in corona of NP 
formulations analyzed in this review are presented in Figure 3A. We found that only 29 
specific proteins were detected more than ten times. The total number of proteins found 
in the corona was 225, 122 were detected only once. For a comparison, proteins 
detected only in the corona of cytokine inducing NPs are shown in Figure 3B.  
Secretion of cytokines seems to be independent of protein corona composition. 
Only the proteins which were in total detected at least ten times were tested and are 
presented in Figure 3A were tested (p = 0.06). Note that if this threshold would be 
lowered to proteins detected at least five times, this would not have affected the results. 
Additionally, three important groups of proteins were compared between formulations 
which induced cytokine secretion and those which did not (Figure 4). Apolipoproteins are 
the proteins that bind lipids to form lipoproteins. Effect of apolipoproteins on micelle-
mediated complement activation was demonstrated recently [115]. Cukalevski et al. 
investigated structural and functional effects that adsorption to polystyrene NPs have on 
apolipoproteins. Their results showed that secondary and tertiary structures of 
apolipoprotein B-100 were perturbed when bound to polystyrene NPs [116]. Moreover, 
apolipoproteins were found to mediate transport of NP-bound drugs across the blood-
brain barrier [117]. These studies implied the importance of apolipoproteins. Results 
shown in Figure 4A did not confirm specific differences between numbers of 
apolipoproteins found in coronas of formulations that induced cytokine secretion 
compared to those that did not. 
Proteins forming the complement system cascade were another large group of 
proteins found in the coronas of NPs with complement protein C3 being the third most 
frequent protein from all. C3 is the central and most abundant complement system 
protein. Complement proteins are considerably less specific than antibodies, thus the 
interaction between foreign material and complement proteins is not surprising. 
Complement proteins found in the corona of formulations included in this study are 
shown in Figure 4B. As with apolipoproteins, counts were similarly distributed between 
formulations that induced cytokine detection and those that did not. None of the 
complement proteins emerged as a possible trigger of cytokine secretion. Another 
immune system related group of proteins detected in the coronas were 
immunoglobulins. Immunoglobulins are glycoproteins produced by B lymphocytes, often 
with a high degree of specificity and affinity. They are a vital part of the immune system, 
connected to complement activation via classical pathway, neutralization of microbes 
and microbial toxins, opsonization, phagocytosis, and more [95].  Interestingly, Ig alpha 
was detected in the coronas of more than one half of cytokine inducing formulations 
(Figure 4C).  As expected, Ig gamma was the most often reported immunoglobulin in the 
corona of all formulations analyzed in this review. 
 Figure 3: Number of different proteins detected in the corona of NPs of the selected studies. The 29 most 
common proteins are shown (A). The most common proteins found in the corona of cytokine-inducing NPs 
(B). Only proteins that were detected on more than ten occasions are shown. 
 Figure 4: Number of apolipoproteins (A), complement proteins (B) and immunoglobulins detected in the 
protein corona of NPs. Color denotes how many hits were provided by cytokine-inducing NPs. 
Besides these results, we have also collected other information (see 
Supplementary table). In practice, the samples of NPs can be contaminated with 
endotoxins. There were already some papers (two studies in our dataset) that exposed 
this as an important factor to consider when performing immune system related 
experiments [93,94]. Moreover, cells used for experiments varied between studies, 
although majority of them were performed on monocytes or macrophages (e.g. THP-1). 
We also observed variability between protocols for the same cell line, but we couldn’t 
include that information into our dataset. Nonetheless, the reader should be aware that 
differences in protocols (e.g. differentiation of monocytes) contribute to differences in 
immune response. Furthermore, exposure times of NPs to proteins differed from 
exposure times of NPs to cells. This is concerning when we acknowledge the fact that 
protein corona formation is a dynamic and time-dependent process. Another parameter 
included in our analysis was NP coating. We did not observe any mentionable impact of 
the coating on immune response. This could be explained by high variability between 
coatings and the limited number of studies.  
 We believe that this type of review may present new insights into the subject. 
However, this is an exploratory analysis (with some statistical inference) and any causal 
or even mechanistic claims would be an exaggeration. Here, only in vitro studies were 
included due to coherence of the results – in vivo studies should be analyzed similarly in 
a separate study. Furthermore, immune system is a vast network of tissues, cells and 
molecules, while the cytokines present only a small part of it. We focused on the relation 
between NPs and cytokine secretion. There are also different views on the protein 
corona; we explored only its protein composition, whereas there are studies showing 
immune system related effects as a consequence of protein unfolding on the surface of 
NPs [58]. Another important concept not included in this review is personalized protein 
corona that was described recently [118]. Personalized protein corona means that 
humans with specific diseases have specific protein coronas. We believe that 
personalized corona concept together with the use of primary cells and autologous 
serum will vastly increase our understanding of protein corona and immune system 
interactions in the future. However, the presented analysis is important and useful since 
it combines diverse studies to extract additional information regarding relations between 
NP properties, protein corona composition and in vitro immune system activation. 
Conclusions 
Based on our analysis of the existing literature, corona composition and cytokine 
secretion were found to be independent. There was no relation between hydrodynamic 
diameters and zeta potentials between formulations that induced cytokine release and 
those that did not, while there was dependence between NP type and cytokine release 
plus dependence between protein source and cytokine release. There are only few 
studies combining physicochemical characterization with protein corona composition 
and immune system response, and most of these studies did not test for endotoxin 
contamination.  This review shows that even when all corona proteins and 
physicochemical properties of NPs are analyzed, there is not a simple parameter that 
determines protein corona composition. Ideally, all studies should be performed under 
the same protocol, but our analysis still provides valuable insights into relations between 
NP properties, protein corona composition and immune system activation in vitro.  
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3.8. Analiza povezanosti fizikalnih lastnosti nanodelcev, sestave proteinske 
korone in sproščanja citokinov na celični liniji THP-1 
3.8.1. Uvod 
V prejšnjem poglavju smo pokazali pregled literature, ki v eni študiji združuje analizo 
fizikalno-kemijskih lastnosti nanodelcev, sestavo proteinske korone in imunski odziv in vitro. 
Glavna ovira interpretacije takšnih rezultatov so velika odstopanja v metodoloških podrobnostih 
posameznih študij. V tem poglavju primerjamo imunotoksičnost različnih nanodelcev in 
analiziramo povezanost fizikalno-kemijskih lastnosti, sestave proteinske korone in 
imunotoksičnosti. Vse nanodelce smo obravnavali enako, jim na enak način izmerili lastnosti in 
določili sestavo proteinske korone, preverili prisotnost endotoksinov ter določili izločanje 
citokinov IL-6, IL-8, IL-1β in TNF-α na celični liniji THP-1. Ključno vprašanje, na katerega smo 
želeli odgovoriti je bilo, če lahko izluščimo povezanost med fizikalnimi lastnostmi nanodelcev, 
posameznimi proteini proteinske korone in izločanjem citokinov. 
3.8.2. Materiali in metode 
Tipi nanodelcev: 
- TiO2 Anataz (ANAT; IJS) 
- TiO2 Dr. Adorable (Dr.A; IJS) 
- TiO2 Food grade (FG; IJS) 
- TiO2 Natural Sunscreen (NS; IJS) 
- TiO2 P25 (P25; Sigma-Aldrich, St Luis, MO, ZDA) 
- TiO2 21nm (21nm; Sigma-Aldrich) 
- SiO2 (SiO2; Nanotesla Institut, Ljubljana, Slovenija) 
- kobalt-feritni nanodelci oplaščeni s poliakrilno kislino (PAA; SNBA) 
- kobalt-feritni nanodelci oplaščeni s polietileniminom (PEI; SNBA) 
- srebrni nanodelci (Ag; nanoComposix, San Diego, CA, ZDA) 
Nanodelce titanovega oksida smo pridobili od partnerjev iz Instituta Jožef Stefan, srebrne 
nanodelce smo kupili od proizvajalca. Kobalt-feritni nanodelci so bili razviti v okviru Skupine za 
nano in biotehnološke aplikacije (SNBA).80  
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Pri preučevanju proteinske korone je bila negativna kontrola (NK) medij za pripravo 
suspenzije nanodelcev (destilirana voda), za pozitivno kontrolo smo uporabili PEI. Fizikalno 
karakterizacijo nanodelcev smo izvedli z uporabo metode DLS. Poročamo hidrodinamski premer 
na osnovi števila nanodelcev ter z-average velikost. Dodatno navajamo tudi zeta potencial 
nanodelcev in polidisperzijski indeks (PDI). Z-average velikost je primaren in najbolj zanesljiv 
rezultat tehnike DLS, skladen s standardoma ISO 13321 in ISO 22412. PDI je parameter, ki poda 
širino porazdelitve velikosti nanodelcev. Nizko vrednost PDI imajo nanodelci z ozko 
porazdelitvijo velikosti. Podana so povprečja dveh neodvisnih meritev DLS (tabela 1). Vse 
meritve so bile narejene v vodi in v kompletnem celičnem mediju RPMI-1640 z 10% fetalnim 
govejim serumom (FBS; Sigma-Aldrich, St Luis, MO, ZDA).64,80,154–157 
Sestavo proteinske korone smo določili z uporabo poliakrilamidne gelske elektroforeze v 
prisotnosti natrijevega dodecil sulfata (NaDS).64 Korono smo pridobili tako, da smo 100 μg 
nanodelcev 1h inkubirali v 1 ml kompletnega celičnega medija RPMI-1640 (Gibco, Thermo Fisher 
Scientific, Inc., Waltham, MA, ZDA) z dodanim 10% FBS in 2 mM glutaminom (Sigma-Aldrich, St 
Luis, MO, ZDA) pri temperaturi 37°C. Sledilo je centrifugiranje nanodelcev (15000 x g, 20 min, 
4°C) in spiranje z 1 ml hladnega fosfatnega pufra. Prejšnji korak smo ponovili trikrat, po zadnjem 
spiranju smo odstranili supernatante in peletom dodali 100 µl ne-reducirajočega pufra za 
pripravo vzorcev za gelsko elektroforezo (10% (m/v) NaDS, 25% (v/v) glicerol, 0.5% (m/v) 
Bromophenol modro, 300 Mm TRIS-HCl, pH 8.8). S 5-minutnim vzdrževanjem temperature 
(95°C) smo razbili komplekse proteinov in nanodelcev. S ponovnim centrifugiranjem (15000 x g, 
20 min, 4°C) smo posedli nanodelce, proteine iz supernatanta pa smo ločili na poliakrilamidni 
gelski elektroforezi, kot je opisano v 64. Proteine ločene po velikosti smo izrezali iz gela in jih 
identificirali z uporabo masne spektrometrije (MS).64 Metoda je natančneje opisana v prvem 
podpoglavju poglavja Rezultati in razprava. 
Celično linijo THP-1 smo pridobili od ATCC (ATTC, Manassas, Virginia, ZDA) in jo gojili v 
mediju RPMI-1640 z dodanim 10% FBS in 2 mM glutaminom. Diferenciacijo celic THP-1 v 
makrofagom podobne celice smo sprožili z 72 h izpostavitvijo 162 nM forbol 12-miristrat 13-
acetatu (PMA; Sigma-Aldrich, St Luis, MO, ZDA). Ob diferenciaciji so celice prešle iz suspenzijske 
v pritrjeno kulturo, ki smo jo za 24 h izpostavili različnim koncentracijam nanodelcev. Viabilnost 
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celic THP-1 smo določali z uporabo diferencialnega barvanja z barviloma Hoechst in propidijev 
jodid. Šteli smo vse celice oziroma mrtve celice na slikah, posnetih s fluorescenčno 
mikroskopijo.154,155 Pred poskusi na celicah THP-1 smo z uporabo testa LAL (PYROGENT™ Plus 
Gel Clot LAL Assays, Lonza Group Ltd, Basel, Švica) po navodilih proizvajalca določili morebitno 
prisotnost endotoksina v založnih suspenzijah nanodelcev. Ta je bila v vseh primerih nižja od 0,5 
EU/ml. Encimsko imunski test (ELISA; Affymetrix eBioscience Inc., Atlanta, GA, ZDA) smo 
uporabili za detekcijo citokinov IL-6, IL-8, IL-1β in TNF-α. ELISO smo izvedli po navodilih 
proizvajalca, za pozitivno kontrolo (PK) smo uporabili LPS s koncentracijo 100 ng/ml, za 
negativno kontrolo pa celični medij brez nanodelcev. Za določanje citokina IL-1β smo pred 
poskusom celično linijo THP-1 za 24h izpostavili lipopolisaharidu (LPS) s koncentracijo 1000 
ng/ml. 
3.8.3. Rezultati in razprava 
Meritve fizikalnih lastnosti kažejo na precejšnjo heterogenost uporabljenih nanodelcev 
(tabeli 1 in 2), saj se velikosti in zeta potenciali nanodelcev močno razlikujejo. Poudariti je 
potrebno, da lahko s pripravo nanodelcev (npr. mešanje) pred meritvijo močno vplivamo na 
rezultate meritev, tako da bi lahko dobili velike razlike med meritvami ob majhnih spremembah 
postopkov meritev. Vzrok nezanesljivosti meritev je heterogenost velikosti nanodelcev, na kar 
kažejo visoke vrednosti PDI. Z izjemo srebrnih nanodelcev, so vse vrednosti PDI večje od 0.2. 
Nizke absolutne vrednosti zeta potenciala nanodelcev SiO2 in Dr.A v vodi kažejo na nizko 
stabilnost nanodelcev, kar se odraža v veliki vrednosti z-average velikosti (> 1 µm). Nasprotno se 
nizka absolutna vrednost zeta potenciala nanodelcev P25 ne kaže v nizki stabilnosti (< 1 µm). 
Pojav razlagamo s pojavom sterične stabilizacije, ki je verjetno posledica primesi prisotnih v 
osnovni suspenziji nanodelcev P25. 
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Tabela 1. Fizikalne lastnosti izbranih nanodelcev v destilirani vodi 
Nanodelci 
z-average velikost 
[nm] 
Hidrodinamski 
premer [nm] 
Zeta potencial 
[mV] 
PDI 
PAA 239.6 64.8 -50.5 0.37 
TiO2 P25 270.1 92.3 0.7 0.38 
TiO2 FG 396.6 228.9 -24.9 0.24 
SiO2 2574.0 189.9 1.9 0.89 
Srebrni 26.7 21.0 -33.8 0.09 
TiO2 Dr.A 2741.0 1601.0 0.2 0.39 
TiO2 NS 2057.0 1854.0 30.5 0.31 
TiO2 ANAT 1048.1 427.1 14.4 0.63 
TiO2 21 nm 321.2 164.2 33.2 0.33 
  
V tabeli 2 so prikazane meritve fizikalnih lastnosti nanodelcev v celičnem mediju RPMI-
1640 z 10% FBS. Vidimo, da so premeri nanodelcev PAA, P25, Dr.A in ANAT manjši kot pri enakih 
nanodelcih, merjenih v vodi, kar je nasprotno od pričakovanega; nastanek proteinske korone bi 
se moral odražati v večjem premeru. Dobljeni rezultati so posledica delne stabilizacije 
nanodelcev s proteini: v vodi so nanodelci skrajno nestabilni, zato tvorijo velike agregate (> 3 
µm), ki jih metoda DLS ne more meriti. Ker agregati nanodelcev izpadejo iz meritev, je z average 
velikost pristranska in podceni pravo vrednost. V mediju s proteini se lahko proteinska korona 
obnaša tudi kot plašč, ki dodatno stabilizira nanodelce, kar je prav tako lahko vzrok za manjše 
vrednosti z average velikosti. Ne smemo prezreti niti vpliva samih proteinov v mediju, ki se 
obnašajo kot zelo majhni nanodelci in zato znižujejo povprečno vrednost premera. Prispevkov 
posameznih učinkov, agregacije, stabilizacije s proteini in meritev proteinov kot majhnih delcev, 
ne moremo ločiti. Podoben učinek imajo omenjeni pojavi tudi na vrednost PDI, ki se zniža pri 
vseh nanodelcih z izjemo PAA, FG, ANAT in srebrnih nanodelcev. Večina proteinov, ki sestavljajo 
FBS, je negativno nabitih. Vrednost zeta potenciala se zato ob nastanku proteinske korone pri 
vseh nanodelcih zniža.  
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Tabela 2. Fizikalne lastnosti izbranih nanodelcev v celičnem mediju RPMI-1640 z 10% FBS.  
Nanodelci 
z-average velikost 
[nm] 
Hidrodinamski 
premer [nm] 
Zeta potencial 
[mV] 
PDI 
PAA 191.5 55.6 -14.0 0.59 
TiO2 P25 317.2 190.1 -9.9 0.23 
TiO2 FG 482.8 318.7 -8.1 0.35 
SiO2 216.1 6.5 -7.4 0.38 
Srebrni 45.2 14.9 -6.6 0.25 
TiO2 Dr.A. 1983.5 1484.0 -8.1 0.33 
TiO2 NS 204.9 98.5 -9.2 0.21 
TiO2 ANAT 882.9 165.9 -7.7 0.73 
TiO2 21 nm 321.9 127.3 -9.4 0.24 
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Analiza proteinske korone razkrije dodatne razlike med nanodelci. Slika 5 prikazuje 
povprečno število vseh zaznanih peptidov pri posameznem nanodelcu in negativni kontroli. 
Rezultat razlagamo kot posredno mero celokupne količine proteinov v proteinski koroni. Kot je 
razvidno iz slike 5, TiO2 nanodelci ANAT, NS in P25 ne odstopajo veliko od negativne kontrole. 
Nasprotno, TiO2 nanodelci Dr.A., 21nm in FG vežejo veliko večjo količino proteinov. Potrebno je 
poudariti, da je variabilnost sicer velika, kljub temu pa rezultati nakazujejo, da je potrebno 
upoštevanje proteinov, ki se vežejo na plastiko pri izolaciji proteinske korone. Pri postopku 
izolacije namreč ne moremo sprati proteinov iz površine plastičnih epruvet do te mere, da jih ne 
bi zaznali z masno spektrometrijo. Tudi sestava proteinske korone je precej heterogena (sliki 6 in 
7). Zaradi boljše preglednosti, smo odstotek albumina v relativni sestavi korone prikazali ločeno 
(slika 6). Delež je največji pri negativni kontroli, kar je pričakovano, saj je albumina v govejem 
serumu največ. Pri negativni kontroli pričakujemo sestavo korone, ki je zelo podobna dejanski 
sestavi govejega seruma.64 Najmanjši delež albumina smo zaznali pri TiO2 nanodelcih P25. Med 
količino vseh proteinov in količino albumina ni očitne povezanosti. 
 
Slika 5. Povprečno število vseh zaznanih peptidov pri posameznem tipu nanodelcev. Prikazano je 
povprečje treh neodvisnih poskusov s standardno napako. 
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Ostali glavni proteini v proteinskih koronah nanodelcev so prikazani na sliki 7, njihove 
lastnosti so prikazane v tabeli 3. Prikazujemo proteine, ki predstavljajo vsaj 3% delež relativne 
sestave. S tem smo se omejili na 11 glavnih proteinov. Med njimi izstopa α-2-HS glikoprotein, ki 
smo ga zaznali pri vseh formulacijah z izjemo TiO2 nanodelcev P25 in Dr.A. Prisotnost tega 
proteina v kontroli nakazuje, da je protein lahko samo del ozadja. Najbolj pestro sestavo 
proteinske korone imajo silicijevi nanodelci, protein fibronektin pa smo zaznali izključno pri TiO2 
nanodelcih ANAT. 
 
Slika 6. Odstotek albumina v relativni sestavi proteinske korone različnih tipov nanodelcev. Odstotek 
je izračunan na podlagi treh neodvisnih poskusov. 
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Slika 7. Odstotki ostalih proteinov v relativni sestavi proteinske korone različnih nanodelcev (prikazani 
so samo proteini, ki predstavljajo najmanj 3% proteinske korone). Odstotki so izračunani na podlagi 
treh neodvisnih poskusov.  
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Tabela 3. Lastnosti proteinov zaznanih v proteinski koroni 
Šifra proteina 
Teoretična 
izoelektrična točka 
Molekulska masa [Da] Ime proteina Biološki proces 
A1AT_BOVIN 5.98 43693.91 α1-antiproteinaza 
Inhibicija 
proteina 
ANT3_BOVIN 6.41 49061.08 Antitrombin III 
Inhibicija 
proteina 
APOA1_BOVIN 5.36 27549.08 Apolipoprotein A-I Transport 
APOE_BOVIN 5.44 34126.49 Apolipoprotein E Transport 
FETUA_BOVIN 5.10 36353.24 
α-2-HS-
glikoprotein 
Imunski sistem 
FINC_BOVIN 5.28 269110.87 Fibronektin Celična adhezija 
HBBF_BOVIN 6.51 15859.23 
β podenota 
hemoglobina 
Transport 
HS90A_BOVIN 4.92 84730.75 
Protein toplotnega 
šoka HS90 
Zvijanje 
proteinov 
TETN_BOVIN 5.69 19824.47 Tetranectin 
Mineralizacija 
kosti 
TSP1_BOVIN 4.73 127740.69 Trombospondin 1 Celična adhezija 
VTDB_BOVIN 5.19 51531.70 
Protein vezave 
vitamin D 
Transport 
 
Na sliki 8 je prikazano preživetje celic THP-1. Največji vpliv na viabilnost celic THP-1 smo 
izmerili pri srebrnih nanodelcih, koncentracija pri kateri je viabilnost padla pod 50% (IC50) je bila 
25 µg/ml. Znano je, da je citotoksičnost srebrnih nanodelcev med drugim tudi posledica luženja 
srebrovih ionov.2 Precejšen negativen vpliv na viabilnost so izkazali tudi nekateri nanodelci TiO2 
(P25, Dr.A., 21nm) katerih vrednosti IC50 so bile med 50 in 100 µg/ml in SiO2 nanodelci pri 
katerih je bila vrednost IC50 > 100 µg/ml. Najmanj citotoksični so bili nanodelci PAA, TiO2 FG in 
TiO2 ANAT. 
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Slika 8. Viabilnost celic THP-1 ob izpostavitvi različnim koncentracijam nanodelcev. Prikazano je 
povprečje treh neodvisnih ponovitev poskusa s standardno napako. Oznake abscisne osi se pri srebrnih 
nanodelcih razlikujejo od ostalih. 
Na slikah 9-12 so predstavljeni rezultati sproščanja citokinov ob izpostavitvi nanodelcem, 
pridobljeni na celični liniji THP-1. IL-1β je bil po pričakovanjih izrazito povišan pri PEI, izrazit 
trend odvisnosti od koncentracije pa smo zaznali še pri nanodelcih SiO2 in Dr.A ter 21nm. Pri 
nanodelcih SiO2 je takšen rezultat v skladu s pričakovanji.
159 Nobena formulacija nanodelcev ni 
povečala sproščanja IL-6. Izrazito povišanje sproščanja IL-8 smo izmerili pri PEI nanodelcih, 
srebrnih nanodelcih in TiO2 nanodelcih FG, Dr.A. in 21nm, medtem ko pri TNF-α ponovno nismo 
zaznali nobenega povišanja. Rezultati viabilnosti so skladni z rezultati sproščanja IL-8 in IL-1β, 
skupno pa so rezultati skladni tudi z nekaterimi rezultati iz literature.160 
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Slika 9. Koncentracija citokina IL-1β v supernatantu celic THP-1 izpostavljenim različnim nanodelcem 
pri različnih koncentracijah. Prikazani so rezultati reprezentativnega poskusa s standardno napako treh 
tehničnih ponovitev. 
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Slika 10. Koncentracija citokina IL-6 v supernatantu celic THP-1 izpostavljenim različnim nanodelcem 
pri različnih koncentracijah. Prikazani so rezultati reprezentativnega poskusa s standardno napako treh 
tehničnih ponovitev 
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Slika 11. Koncentracija citokina IL-8 v supernatantu celic THP-1 izpostavljenim različnim nanodelcem 
pri različnih koncentracijah. Prikazani so rezultati reprezentativnega poskusa s standardno napako treh 
tehničnih ponovitev 
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Slika 12. Koncentracija citokina TNF-α v supernatantu celic THP-1 izpostavljenim različnim nanodelcem 
pri različnih koncentracijah. Prikazani so rezultati reprezentativnega poskusa s standardno napako treh 
tehničnih ponovitev 
 Povezanost med fizikalno-kemijskimi lastnostmi nanodelcev in njihovimi učinki in vitro 
smo merili s Pearsonovim koeficientom korelacije. Vrednost koeficienta za spremenljivki število 
vseh zaznanih peptidov in hidrodinamskim premerom nanodelcev v mediju je znašal 0.43, 
povezanost ostalih fizikalno-kemijskih lastnosti s številom vseh zaznanih peptidov je bila nižja. 
Povezanosti med citotoksičnostjo nanodelcev in njihovimi fizikalno-kemijskimi lastnostmi nismo 
zaznali. Nasprotno je bilo sproščanje citokinov IL-8 in IL-1β močno povezano s hidrodinamskim 
premerom nanodelcev v mediju (0.51 in 0.79). Proteinskim koronam vseh treh nanodelcev je 
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skupen protein antitrombin III, obema titanovima formulacijama pa tudi protein trombospondin 
1. 
Med formulacije z izrazito negativnim vplivom na celice THP-1 lahko poleg srebrnih 
nanodelcev, ki so toksični zaradi luženja srebrovih ionov, uvrstimo še nanodelce Dr.A. in ANAT. 
Zavedati se moramo, da so uporabljene koncentracije nanodelcev precej visoke. V pogojih in 
vivo bi bile tako velike koncentracije relevantne izključno ob kronični izpostavitvi in hkratnem 
kopičenju nanodelcev. Pri primerjavi nanodelcev TiO2 moramo omeniti tudi različno kristalno 
sestavo teh nanodelcev. Nanodelci TiO2 so lahko sestavljeni iz kristalov rutila, anatasa ali 
mešanice obeh in imajo lahko glede na različno sestavo različne toksične učinke.161 Na 
toksičnost posameznih nanodelcev bi lahko pomembno vplivala tudi prisotnost anorganskih 
nečistot.162  
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4. SKLEPI 
Cilji disertacije so bili i) določiti sestavo proteinske korone izbranih nanodelcev, ii) 
določiti njihovo citotoksičnost in imunotoksičnost ter iii) analizirati povezavo med 
fizikalno-kemijskimi lastnostmi, sestavo proteinske korone in imunotoksičnostjo nanodelcev in 
vitro. Rezultati so bili pridobljeni v okviru sedmih večjih študij, ki so vključene v disertacijo v 
obliki izvirnih znanstvenih člankov oziroma samostojnih poglavij. 
V prvi izmed študij smo preverjali vpliv disperzijskega medija na sestavo proteinske 
korone silicijevih in s poliakrilno kislino oplaščenih kobalt-feritnih nanodelcev. Potrdili smo 
nekatere ključne lastnosti proteinske korone, kot je odvisnost sestave proteinske korone od tipa 
nanodelca. Dokazali smo prvo hipotezo, v kateri smo predpostavili vpliv priprave nanodelcev v 
različnih medijih na sestavo proteinske korone. Naši rezultati kažejo, skladno z literaturo, da na 
sestavo proteinske korone ne vplivajo samo lastnosti nanodelcev ampak tudi sestava 
disperzijskega medija. Med proteini, ki so sestavljali proteinsko korono nanodelcev, smo odkrili 
tudi proteine, ki so del imunskega sistema. Relativna količina enega izmed njih, proteina 
komplementa C3, je bila večja, v kolikor so bili nanodelci, pred inkubacijo v mediju s proteini, 
pripravljeni v fiziološki raztopini. Navkljub majhni količini pa lahko proteini imunskega sistema v 
proteinski koroni vplivajo na imunski odziv v pogojih in vivo. Ugotovili smo tudi, da so proteini 
lahko vezani na plastiko, ki jo uporabljamo za izolacijo proteinske korone, in niso nujno sestavni 
del le te. V tretji hipotezi smo predpostavili, da spremenjena sestava proteinske korone, ki je 
posledica priprave nanodelcev, vpliva na izločanje citokinov IL-6 in TNF-α na celični liniji THP-1. 
Hipotezo smo ovrgli, sprememba v sestavi proteinske korone se ni odrazila v povečanem ali 
zmanjšanem sproščanju citokinov. Ker smo merili samo delni imunski odziv, sproščanje dveh 
citokinov in vitro, naših zaključkov ne moremo posplošiti na celoten imunski odziv organizma na 
spremenjeno sestavo proteinske korone.  
Citotoksičnost nanodelcev lahko, do neke mere, nadzorujemo z oplaščenjem. V drugi 
hipotezi smo predpostavili, da lahko z dodatnim oplaščenjem zmanjšamo citotoksične vplive 
nanodelcev. Kobalt-feritne nanodelce oplaščene s polietileniminom smo dodatno oplaščili z 
reducirano obliko glutationa. Glutation smo izbrali, ker je antioksidant in ima ustrezne fizikalne 
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lastnosti, ki omogočajo elektrostatsko vezavo na omenjeni polimer. Hipotezo smo potrdili, saj je 
oplaščenje z glutationom zmanjšalo citotoksičen vpliv izbranih nanodelcev na sesalsko celično 
linijo CHO, nižji je bil tudi celični stresni odziv. Nižja citotoksičnost se je ujemala z zmanjšanim 
zeta potencialom nanodelcev, ki so bili dodatno oplaščeni z glutationom. Če smo glutation in 
nanodelce v celični medij dodajali ločeno, omenjenih učinkov nismo dosegli, kar smo razložili z 
razlikami v privzemu prostega glutationa. Prost glutation se mora najprej razgraditi, sledi vstop v 
celico po komponentah in ponovna sinteza znotraj celice. Glutation, prisoten na površini 
nanodelcev vstopi v celico z endocitozo, kar smo pokazali s TEM. S kvantifikacijo transfekcije 
smo potrdili, da nanodelci modificirani z glutationom obdržijo svojo funkcionalnost. Navkljub 
višji viabilnosti celic nismo dosegli boljše transfekcije. V sklopu študije smo pregledali najmanj 
sto fotografij zajetih s presevno elektronsko mikroskopijo, vendar na nobeni nismo opazili 
nanodelcev prosto v citoplazmi, kar ni v skladu s hipotezo o lizosomalnem pobegu. Naše 
ugotovitve so pomembne za nadaljnji razvoj dostavnih sistemov na osnovi magnetnih 
nanodelcev, oplaščenih s polietileniminom.  
V literaturi smo identificirali visoko ponovljivost urotelijskih rakavih obolenj in 
pomanjkljivosti obstoječih terapij, zato smo začeli razvijati nanodelce, ki bi bili potencialno 
uporabni za zdravljenje papilarne neoplazme. Primernost nanodelcev za takšno terapijo smo 
preverili na normalnih in rakastih urotelijskih celičnih modelih. Ključna lastnost nanodelcev, ki je 
pomembna za aplikacije za zdravljenje raka, je selektivnost privzema. Pokazali smo, da so 
kobalt-feritni nanodelci, oplaščeni s poliakrilno kislino, selektivno endocitirani izključno v rakaste 
celice urotelija, medtem ko jih v zdravih celicah urotelija praktično ne zaznamo. Selektivnost je 
posledica nizke bazalne stopnje endocitoze zdravih celic urotelija, torej bi selektivnost lahko 
dosegli tudi z drugačnimi nanodelci. Na podlagi rezultatov smo razvili hipotezo, da lahko 
izrabimo selektivnost privzema skupaj s citotoksičnimi lastnostmi nanodelcev. Izbrali smo 
kobalt-feritne nanodelce oplaščene s polietileniminom, ki so v vseh študijah izkazovali visoko 
citotoksičnost. V tem primeru je polietilenimin toksična molekula, nanodelci pa omogočijo 
selektiven privzem. Slabost izbranih nanodelcev je njihov mehanizem citotoksičnosti. Nanodelci 
namreč neselektivno poškodujejo celično membrano. V kolikor smo želeli izrabiti selektivno 
endocitozo, smo morali zmanjšati citotoksičnost, pred endocitozo, hkrati pa ohraniti 
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citotoksičnost po endocitozi znotraj celice. V ta namen smo nanodelcem dodali plašč govejega 
serumskega albumina, ki naj bi zmanjšal naboj na površini nanodelca in preprečil poškodbe 
celične membrane. Po endocitozi bi se elektrostatsko vezan plašč v spremenjenih pogojih 
znotraj celičnih veziklov sprostil iz površine nanodelca, nanodelec bi zatem zopet deloval 
citotoksično. Rezultati takoj po tri-urni izpostavitvi so bili v skladu z našo hipotezo, po 
štiriindvajsetih urah pa je učinek izzvenel. Omenjeni pristop tako ni bil ustrezen za razvoj 
terapije. 
Predzadnji del disertacije sestavlja kvantitativna analiza rezultatov pridobljenih iz 
objavljene literature, ki združuje natančno fizikalno-kemijsko karakterizacijo nanodelcev, analizo 
sestave proteinske korone in in vitro imunski odziv. Naša prva ugotovitev je bila, da je študij, ki 
združujejo vsa zgoraj našteta področja, malo. S selekcijo po določenih kriterijih smo iz širokega 
nabora uspeli izbrati 21 neodvisnih študij iz katerih smo sestavili nabor podatkov za analizo. V 
večini študij so imunski odziv merili kot sproščanje citokinov. Na osnovi sproščanja citokinov 
smo umetno ustvarili dve skupini nanodelcev: i) tiste, ki so sprožali nastanek in sproščanje 
citokinov in ii) tiste, ki ga niso. Pokazali smo, da je sproščanje citokinov odvisno od tipa 
nanodelca, medtem ko razlik v hidrodinamskem premeru in zeta potencialu med skupinama 
nismo zaznali. Ker v literaturi pogosto navajajo povezavo med sestavo proteinske korone in 
izločanjem citokinov, smo testirali ali lahko ovržemo neodvisnost med sestavo proteinske 
korone in sproščanjem citokinov. Na podlagi podatkov, zbranih v literaturi, tega nismo mogli 
storiti, sproščanje citokinov je bilo torej neodvisno od sestave proteinske korone. 
V zadnjem delu disertacije je eksperimentalna analiza povezanosti med lastnostmi 
nanodelcev, sestavo proteinske korone in izločanjem citokinov na celični liniji THP-1. 
Eksperimente smo izvedli na naboru šestih nanodelcev TiO2 (ANAT, Dr.A, FG, NS in 21nm), 
nanodelcih srebra, nanodelcih SiO2 in kobalt-feritnih nanodelcih oplaščenih s poliakrilno kislino. 
Nanodelci so imeli različne vrednosti zeta potencialov in hidrodinamskih radijev. Razlike v tipih 
nanodelcev in njihovih fizikalno-kemijskih lastnostih so se odrazile v spremenjeni sestavi 
proteinske korone. Odkrili smo močno korelacijo med hidrodinamskim radijem nanodelcev, 
merjenem v mediju s proteini, in celotnim številom peptidov, ki smo jih zaznali v analizi z masno 
spektrometrijo. Najbolj citotoksični so bili nanodelci srebra, korelacij med fizikalno-kemijskimi 
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lastnostmi nanodelcev in njihovo citotoksičnostjo pa nismo zaznali. Nanodelci srebra, SiO2 in 
nekateri nanodelci TiO2 (Dr.A, FG, 21nm) so sprožili koncentracijsko odvisno sproščanje 
citokinov IL-8 in IL-1β. Ugotovili smo, da je kljub velikemu številu analiziranih nanodelcev in 
kontroliranim pogojem zelo težko priti do nedvoumnih zaključkov o povezavi med lastnostmi 
nanodelcev in sestavo proteinske korone ter o povezavi med sestavo proteinske korone in 
sproščanjem citokinov. 
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5. IZVIRNI PRISPEVKI K ZNANOSTI 
Prispevki doktorske disertacije k znanosti: 
i) Dokaz vpliva fizikalno-kemijskih lastnosti silicijevih in s poliakrilno kislino 
oplaščenih kobalt-feritnih nanodelcev ter medija, v katerem so nanodelci 
predhodno dispergirani, na sestavo proteinske korone. 
Pokazali smo, da je sestava proteinske korone odvisna tako od fizikalno-kemijskih lastnosti 
nanodelcev, kot tudi od lastnosti in sestave medija uporabljenega za disperzijo nanodelcev. 
Vpliv fizikalno-kemijskih lastnosti smo samo potrdili, vpliv disperzijskega medija pa smo dokazali 
kot prvi. 
ii) Ovrednotenje citotoksičnosti in imunotoksičnosti kobalt-feritnih nanodelcev 
oplaščenih s polialkrilno kislino in kobalt-feritnih nanodelcev oplaščenih s 
polietileniminom. 
Na sesalskih celičnih linijah CHO, B16F1, THP-1 in primarnih humanih mioblastih smo ovrednotili 
citotoksičnost in imunotoksičnost kobalt-feritnih nanodelcev oplaščenih s poliakrilno kislino ali 
polietileniminom. Nanodelci oplaščeni s poliakrilno kislino niso izkazali citotoksičnih lastnosti, 
medtem ko so nanodelci oplaščeni s polietileniminom izkazali citotoksičnost že pri zelo nizkih 
koncentracijah.  
iii) Razvoj in analiza dodatnega oplaščenja kobalt-feritnih nanodelcev oplaščenih s 
polietileniminom z glutationom oziroma z govejim serumskim albuminom. 
Razvili smo dvoje novih oplaščenj za kobalt-feritne nanodelce, oplaščene s polietileniminom. Z 
namenom izboljšanja transfekcije smo obstoječe kobalt-feritne magnetne nanodelce oplaščili z 
glutationom. Z dodatnim oplaščenjem smo uspešno zmanjšali citotoksičnost nanodelcev, nismo 
pa uspeli povečati stopnje transfekcije. Z namenom razvoja potencialne terapije za zdravljenje 
papilarne neoplazme urotelija smo kobalt-feritne nanodelce oplaščene s polietileniminom 
dodatno oplaščili z govejim serumskim albuminom. Dosegli smo selektivno toksičnost proti 
rakastim celicam urotelija v primerjavi z normalnimi celicami urotelija po treh urah izpostavitve, 
po štiriindvajsetih urah pa je bil vpliv zanemarljiv. 
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Izjava 
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Delo, ki je objavljeno v četrtem, petem in šestem podpoglavju poglavja Rezultati in razprava je 
bilo opravljeno v sodelovanju z Inštitutom za biologijo celice Medicinske fakultete Univerze v 
Ljubljani (vodja: prof. dr. Peter Veranič). 
Meritve DLS in zeta potenciala so bile opravljene na Institutu Nanotesla. 
Delo je bilo financirano s strani Javne agencije za raziskovalno dejavnost Republike Slovenije 
(ARRS) v okviru projektov J2-6758 in J7-7424 ter programa mladih raziskovalcev. Meritve celične 
viabilnosti in sproščanja citokinov, ki so prikazani v zadnjem poglavju je izvedla dr. Jasna Lojk. 
Meritve DLS in zeta potenciala je izvedel dr. Vladimir B. Bregar. Ostali prispevki sodelavcev so 
razvidni iz soavtorstva objavljenih znanstvenih člankov, ki so del disertacije.  
V Ljubljani, dne 15.1.2018                              Klemen Strojan 
  
 
 
 
IZJAVA 
Podpisani KLEMEN STROJAN, z vpisno številko 71149002 s svojim podpisom izjavljam, da sem 
avtor zaključnega dela z naslovom: 
PROTEOMSKA KARAKTERIZACIJA NANODELCEV ZA OVREDNOTENJE NJIHOVE CITOTOKSIČNOSTI 
IN IMUNOTOKSIČNOSTI TER RAZVOJ NOVIH VRST NANODELCEV 
S svojim podpisom potrjujem: 
- da je predloženo zaključno delo rezultat mojega samostojnega raziskovalnega dela in da 
so vsa dela in mnenja drugih avtorjev citirana skladno z navodili in navedena v seznamu 
virov, ki je sestavni del priloženega zaključnega dela, 
- da je elektronska oblika zaključnega dela identična predloženi tiskani obliki istega dela, 
- da na Univerzo v Ljubljani neodplačno, neizključno, prostorsko in časovno neomejeno 
prenašam pravici shranitve avtorskega dela v elektronski obliki in reproduciranja ter 
pravico omogočanja javnega dostopa do avtorskega dela na svetovnem spletu preko 
Repozitorija Univerze v Ljubljani (RUL). 
V Ljubljani, dne 15.1.2018  
Klemen Strojan 
